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INTRODUCTION 


Research  Project  Description 

Recent  developments  in  high  spatial  resolution  Magnetic  Resonance  Imaging  (MRI)  and  Magnetic 
Resonance  Spectroscopic  Imaging  (MRSI)  from  UCSF  have  significantly  improved  the  ability  to  identify 
regions  of  cancer  within  the  prostate  and  to  discriminate  them  from  surrounding  healthy  tissues. 

In  this  project,  we  propose  a  comprehensive,  innovative  approach  that  incorporates  MRI/MRSI  anatomic 
and  metabolic  information  to  guide  the  determination  of  the  optimal  dose  distribution.  First,  in  order  to 
increase  radiation  to  the  tumor  part  of  the  prostate  and  to  reduce  radiation  to  normal  structures,  these 
regions  must  be  reliably  identified  and  delineated  in  the  anatomical  image  used  for  the  treatment  plan. 
Second,  determining  such  an  individualized,  complex,  conformal  radiation  dose  plan  necessitates  the  use 
of  an  optimization  algorithm. 

Incorporating  the  MRI/MRSI  information  is  currently  difficult.  The  exam  cannot  be  obtained  at  the  time  of 
the  treatment  planning  MRI  due  to  the  need  for  an  endorectal  probe  and  due  to  artifacts  from  the  catheters 
inserted  for  the  treatment.  To  transfer  the  information  from  the  MRI/MRSI  to  the  treatment  planning  MRI, 
tissue  distortions  must  be  corrected  and  the  data  aligned. 

Additionally,  we  propose  to  develop  a  novel  high  dose  rate  brachytherapy  (HDR)  planning  protocol  using  a 
computerized  optimization  algorithm  using  multiple  objectives  to  provide  a  boost  while  preserving  nearby 
healthy  tissues. 

Three  main  tasks  were  identified  to  fulfill  the  aims  of  this  project: 

Task  1 :  To  determine  the  need  for  alignment  and  to  establish  alignment  methods  for  MRI/MRSI  data  to 
HDR  brachytherapy  treatment  planning  MRI  and  CT  images.  (Months  1-24). 

Task  2:  To  elaborate  class  solutions  (a  set  of  optimization  constraints)  appropriate  for  DIL  boosts  of  the 
order  of  150%  of  the  prescribed  dose  and  protection  for  the  penile  bulb  and  the  neuro-vascular  bundle  valid 
for  90%  of  the  cases  (Months  1-12). 

Task  3:  To  perform  feasibility  and  short-term  measures  of  improved  effectiveness  and  decreased  side 
effects  of  performing  the  proposed  treatment  planning  protocol  in  a  small  cohort  of  patients  (Months  18-36). 

The  Information  provided  in  this  first  annual  report  supports  the  following: 

Taskl:  Months  1-24  In  progress 

Task  2:  Months  1-12  In  progress 

Task  3:  Months  18-36  Not  yet  initiated 


C.H.R.  approval 

The  PC-030909  grant  officially  opened  on  February  2004.  A  lot  of  effort  and  time  were  devoted  by  the  P.l. 
and  Co-P.l.  at  applying  and  obtaining  approval  from  the  various  committees  at  UCSF.  During  the  first  year, 
we  sequentially  applied  and  successfully  received  approvals  from  the  UCSF  Genito-Urinary  Committee 
(GU,  March  2004),  the  UCSF  Protocol  Review  Committee  (PRC,  July  7th,  2004),  and  the  UCSF  Committee 
on  Human  Research  (CHR,  approval  number  H1 1386-24294-01,  December  17th,  2004).  Immediately  after 
receiving  the  CHR  approval,  the  complete  package  was  submitted  to  the  DOD  CHR  for  final  approval.  This 
approval  is  pending.  Patients  enrollment  will  begin  immediately  when  DOD  approval  is  received. 
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Research  activities 
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A  number  of  research  activities  related  to  the  Tasks  described  in  the  Statement  of  Work  of  the  proposal 
where  initiated  during  2004.  In  particular,  the  first  items  of  Task  1  and  Task  2  have  been  accomplished. 
Specific  details  on  each  item  are  provided  in  the  next  section.  A  Postdoctoral  Fellow  (Yongbok  Kim,  Ph.D.) 
was  enrolled  in  February  2004  to  perform  the  work.  The  work  was  conducted  mainly  under  the  supervision 
of  the  Co-PI  at  the  MRSI  center. 

In  order  to  make  progress  as  DOD  Human  Subjects  Research  Review  Board  (HSRRB)  approval  for  the 
research  is  pending,  we  have  retrospectively  looked  at  MRI  data  already  acquired  and  anonymized  from  a 
different  study.  This  has  allowed  us  to  develop  appropriate  tools  and  come  up  to  some  conclusions  as  how 
to  progress  when  DOD  approval  comes. 


BODY  SECTION 


Preliminary  work 

In  this  study  we  were  proposing  a  comprehensive  approach  that  incorporates  MRI/MRS’s  anatomical  and 
functional  imagining  into  the  HDR  brachytherapy  treatment  planning.  Using  the  inverse  planning  program 
IPSA,  we  established  that  we  can  target  regions  with  a  higher  tumor  burden  with  higher  dose  without 
increasing  the  dose  to  critical  normal  structures.  The  results  of  this  work,  used  as  preliminary  studies  to 
support  the  actual  proposal,  were  finalized  and  published  in  August  2004  (copy  of  the  paper  is  attached  in 
Appendices  D1). 


Endorectal  coil  probes  for  prostate  MRI:  Assessments  of  tissue  distortions  and  image  alignments 

For  HDR  brachytherapy  planning  using  the  combined  MRI/MRSI  information,  there  are  three  confounding 
factors:  (1)  anatomical  distortions  due  to  the  use  of  the  ERC  probe  in  the  staging  MRI/MRSI  exam  which  is 
not  used  for  the  treatment  planning  CT  or  MRI  exam,  (2)  the  anatomical  distortions  caused  by  the 
placement  of  the  catheters  used  for  HDR  brachytherapy,  and  (3)  the  alignment  of  the  combined  MRI/MRSI 
information  to  the  actual  treatment  procedure.  The  expandable  balloon-inflated  endorectal  coil  (ERC)  probe, 
produced  by  MedRad,  Inc.,  has  been  the  only  commercially  available  and  is  therefore  currently  being  used 
for  prostate  MRI/MRSI  exams.  The  balloon  on  the  ERC  probe  allows  the  coil  to  seat  itself  on  the  surface  of 
the  prostate.  It  also  reduces  peristaltic  motion.  However,  the  probe  introduces  a  large  air-tissue  interface 
causing  magnetic  field  susceptibility  problems,  which  degrades  the  MR  data  quality. 

More  recently  a  rigid  ERC  (USA  Instruments,  Aurora,  OH)  has  been  developed  and  soon  will  be 
commercially  available.  In  2004,  we  have  conducted  a  study  (Task  1  of  the  proposal)  [Kim-2005]  (1)  to 
investigate  the  change  of  prostate  position  and  shape  caused  by  the  balloon-inflated  ERC  probe  and  by  the 
rigid  ERC  probe,  (2)  to  determine  which  ERC  probe  would  produce  less  prostate  deformation,  (3)  to  assess 
manual  rigid-body  image  registration  between  the  diagnostic  MRI  scanned  with  the  ERC  probe  and  an  MRI 
scanned  without  an  ERC  probe,  and  (4)  finally  to  decide  which  ERC  probe  provides  the  best  results  for  the 
registration  of  the  MRI  acquired  with  an  ERC  probe  to  that  acquired  without  one.  In  this  study,  the  prostate 
changes  due  to  the  ERC  probe  were  investigated,  thus  providing  preliminary  data  for  the  practical  image 
registration  applicable  to  the  clinic. 

Sagittal  and  axial  T2  weighted  MR  images  were  acquired  from  20  patients  receiving  a  combined  MRI/MRSI 
staging  exam  for  prostate  cancer.  Within  the  same  exam,  images  were  acquired  using  an  external  pelvic 
phased  array  coil  both  alone  and  in  combination  with  either  an  expandable  ERC  or  a  rigid  ERC.  Rotations, 
translations  and  deformations  caused  by  the  ERC  were  measured  and  compared.  The  ability  to  register 
images  acquired  with  and  without  the  ERC  using  a  manual  rigid-body  registration  was  assessed  using  a 
similarity  index  (SI).  Both  ERCs  caused  the  prostate  to  tilt  anteriorly  with  an  average  tilt  of  19.4  degrees 
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(19.2  ±  13.4  and  19.5  ±  11.3  degrees,  mean  ±  standard  deviation,  for  expandable  and  rigid  ERC, 
respectively).  However,  the  expandable  coil  caused  a  significantly  (p  <  0.05)  larger  distortion  of  the  prostate 
as  compared  to  the  rigid  coil;  compressing  the  prostate  in  the  anterior/posterior  direction  by  4.7  ±  3.7  mm 
versus  1.2  ±  2.2  mm  (14.1%  versus  3.9%),  and  widening  the  prostate  in  the  right/left  direction  by  6.1  ±  2.8 
mm  versus  1.5  ±  3.1  mm  (16.7%  versus  4.2%).  Additionally,  the  ability  to  align  prostate  images  acquired 
with  and  without  ERC  was  significantly  (p  <  0.0001)  better  for  the  rigid  coil  (SI  =  0.88  ±  0.04  versus  0.94  ± 
0.008,  for  the  expandable  and  rigid  coils,  respectively).  In  conclusion,  the  alignment  of  prostate  MRI/MRSI 
data  acquired  using  an  ERC  with  therapeutic  planning  MR  images  acquired  without  an  ERC  can  be 
improved  through  the  use  of  a  rigid  ERC. 


Class  solution  for  Inverse  Planning 

The  second  task  of  the  proposal  consists  to  elaborate  the  dose  constraint  set  (class  solution)  for  the  boost 
of  DILs  defined  by  MRI/MRSI  in  HDR  brachytherapy  of  the  prostate  cancer.  Before  we  begin  the  proposed 
task,  we  investigated  the  maximum  achievable  boost  level  under  the  dosimetric  requirement  of  RTOG0321 
protocol  which  recently  was  initiated.  This  work  is  a  preliminary  study  in  order  to  perform  the  proposed  task 
efficiently. 

For  10  patients,  DILs  were  manually  contoured  on  HDR  planning  CT/MR  images  based  on  combined 
MRI/MRSI.  A  lesion  containing  at  least  3  contiguous  MRSI  validated  cancer  voxels  was  called  a  DIL.  The 
class  solution  of  dose  constraints,  acceptable  dose  range  and  penalty  values,  were  obtained  from  our 
previous  clinical  experience  on  inverse  planning  technique  (IPSA).  For  each  patient,  six  plans  (one  without- 
boost  and  5  different  levels  of  dose  escalation  to  the  DILs  requesting  a  minimum  of  110,  120,  130,  140  and 
150%  of  the  prescribed  dose,  respectively)  were  generated  using  IPSA.  Dosimetric  indices  for  each  plan 
were  computed  and  compared  with  the  requirement  of  RTOG0321  protocol  to  determine  the  acceptable 
level  of  dose  escalation. 

Plans  without  boost  satisfied  all  RTOG0321  requirements  with  average  dose  coverage  of  92.1%  to  target 
(range  from  90.6  to  93.8%).  Four  (B,  C,  D,  and  J)  out  of  10  patients  prohibited  any  boost  whereas  a  certain 
level  of  boost  to  the  DILs  was  feasible  for  the  rest  of  patients,  minimum  dose  of  110%  for  patient  E,  120% 
for  patient  H  and  I,  140%  for  patient  A  and  F,  and  150%  for  patient  G,  respectively.  The  violation  of 
RTOG0321  protocol  is  rectal  dose  for  9  patients  and  bladder  dose  for  patient  C.  The  average  benefit  from 
maximum  achievable  boost  for  6  patients  is  1.1%  increase  of  target  coverage  and  5%  increase  of  VI 20 
dose  to  DILs  compared  with  a  plan  without  boost. 


Key  Research  Accomplishments 

Endorectal  coil  probes  for  prostate  MRI:  Assessments  of  tissue  distortions  and  image  alignments 

•  An  average  1 9.4  degree  tilt  of  the  anterior  prostate  was  introduced  due  to  ERC. 

•  The  ability  to  align  prostate  MR  images  acquired  with  and  without  ERC  was  significantly  improved 
when  rigid  ERC  was  employed  (average  percent  overlap  of  ROI  is  94.0  %). 

•  Hence,  the  alignment  of  prostate  MRI/MRSI  data  acquired  using  an  ERC  with  therapeutic  planning 
MR  images  acquired  without  an  ERC  can  be  improved  through  the  use  of  a  rigid  ERC. 


Class  solution  for  Inverse  Planning 

•  The  dose  escalation  on  DIL  is  feasible  for  some  patients  under  RTOG0321  dosimetric  requirement 
in  inverse  planned  HDR  brachytherapy  using  MRI/MRSI  information  and  class  solution. 

•  Mostly  the  recta!  dose  prohibits  the  boost  on  DIL  under  RTOG0321  dosimetric  requirement 
whenever  the  rectum  is  located  closely  to  the  prostate. 
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Reportable  Outcomes 
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Summary  of  Reportable  Outcomes 

Task  1:  To  determine  the  need  for  alignment  and  to  establish  alignment  methods  for  MRI/MRSI  data  to 
HDR  brachytherapy  treatment  planning  MRI  and  CT  images.  (Months  1-24). 

a)  To  determine  the  need  and  accuracy  of  aligning  MRI/MSRI  data  acquired  with  an  ERC 
probe  to  images  acquired  without  a  probe  (5  expandable  versus15  rigid  patient  studies) 

i.  How  misaligned  a  manually  drawn  ROI  of  the  prostate  is  between  the  endorectal  T2- 
weighted  images  and  the  T2-weighted  images  acquired  without  a  probe,  based  on  the 
following  measures,  computed  for  each  image  slice: 

1.  Translations  in  right/left  (R/L),  anterior/posterior  (A/P),  and  superior/inferior  (S/I):  For 
the  rigid  ERC,  the  mean  ±  standard  deviation  (range)  values  are  -2.31  ±  7.61  mm  (- 
26.30  -  5.60  mm),  -5.37  +  3.77  mm  (-10.60  -  4.20  mm),  and  3.60  ±  3.62  mm  (-3.00  - 
9.00  mm)  for  R/L,  A/P,  and  S/I  direction,  respectively. 

2.  Rotations  in  axial  (RotAxi),  sagittal  (RotSag),  and  coronal  planes  (RotCor):  The  rotations  of 
the  prostate  in  coronal  and  axial  planes  (Rotcor,  RotAxi)  were  visually  negligible  when 
we  compared  coronal  and  axial  T2-weight  MR  image  acquired  with  and  without  ERC. 
For  the  rotation  of  prostate  in  sagittal  plane  (RotSag)  due  to  rigid  ERC  coil,  the  mean  ± 
standard  deviation  (range)  values  are  -15.7  ±  14.5  degrees  (-50.2  -  5.6  degrees). 

3.  Stretching/shrinking  of  right/left  (R/L),  anterior/posterior  (A/P),  and  superior/inferior 
(S/I)  axis  were  measured  by  the  deformations  (Dr /l,  D/vr,  Ds/|)  of  prostate  due  to  either 
expandable  or  rigid  ERC:  On  average  the  expandable  coil  caused  a  significantly  (p  < 
0.05)  larger  distortion  of  the  prostate  as  compared  to  the  rigid  coil;  compressing  the 
prostate  in  the  A/P  direction  by  4.7  ±  3.7  mm  (mean  ±  standard  deviation)  versus  1.2  ± 
2.2  mm  (14.1%  versus  3.9%),  and  widening  the  prostate  in  the  R/L  direction  by  6.1  ± 
2.8  mm  versus  1.5  ±  3.1  mm  (16.7%  versus  4.2%). 

4.  Percent  overlap  of  the  ROI  area  (SI:  Similarity  Index):  The  stack  of  axial  MR  images 
acquired  with  coil  was  aligned  with  the  stack  of  axial  MR  images  without  coil  by  rigid 
image  registration  (translation  and  rotation).  The  ability  to  align  prostate  images 
acquired  with  and  without  ERC  was  significantly  (p  <  0.0001)  better  for  the  rigid  coil  (SI 
=  0.941  ±  0.008,  range  from  0.925  to  0.952)  than  for  the  expandable  coil  (SI  =  0.881  ± 
0.04,  range  from  0.812  to  0.909). 

Ii.  To  determine  if  the  proposed  simple  alignment  method  can  produce  less  than  5%  error  for 
each  measure  listed  in  (i)-  The  method  is  based  on  visually  aligning  manually  drawn  ROIs  of 
the  prostate  acquired  with  and  without  a  probe  while  incorporating  translations,  rotations  and 
stretching  and  shrinking  each  axis  on  each  slice:  A  94%  Average  overlap  of  prostate 
contours  was  obtained  using  rigid  ERC.  Further  investigation  is  needed  for  the  alignment  of 
non-endorectal  MR  images  from  coil-in  MRI/MRSI  exam  to  planning  CT  or  MRI. 

iii.  To  determine  the  tolerances  of  the  alignment  procedure  for  the  measures  listed  in  (i). 

We  will  perform  this  study  in  2005. 
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Task  2:  To  elaborate  class  solutions  (a  set  of  optimization  constraints)  appropriate  for  DIL  boosts  of 

the  order  of  1 50%  of  the  prescribed  dose  and  protection  for  the  penile  bulb  and  the  neuro¬ 
vascular  bundle  valid  for  90%  of  the  cases. 

We  obtained  a  class  solution  for  the  boost  of  DIL  defined  by  MRI/MRSI  and  the  maximum 
achievable  boost  level  under  RTOG0321  dosimetric  requirement  using  10  HDR 
brachytherapy  patients. 

a)  To  determine  the  parameters  of  the  dose  constraints  for  the  protection  of  the  penile  bulb. 

We  will  include  the  penile  bulb  for  the  class  solution  in  the  future. 

b)  To  determine  the  ability  of  IPSA  to  limit  the  dose  delivered  to  the  neuro-vascular  bundles  while 
keeping  an  adequate  coverage  of  the  prostate.  The  first  objective  is  to  limit  the  dose  to  the  bundles 
to  90%.  Investigation  will  be  required  to  determine  if  a  lower  value  can  be  reached. 

We  will  include  the  neuro-vascular  bundles  for  the  class  solution  as  soon  as  MRI-based  HDR 
brachytherapy  patients  are  enrolled. 

c)  To  determine  the  parameters  of  the  class  solution  that  will  fulfill  the  DIL  boost  and  simultaneously 
protect  the  additional  organs  at  risk,  bulb  and  neuro-vascular  bundles. 

i.  To  determine  if  the  class  solution  can  include  all  DIL  locations  within  the  prostate.  Although 
most  DIL  are  located  in  the  peripheral  zone  of  the  prostate,  a  more  central  DIL  might  require 
heavier  weighting  on  the  urethra  protection. 

Task  3:  To  perform  feasibility  and  short-term  measures  of  improved  effectiveness  and  decreased 

side  effects  of  performing  the  proposed  treatment  planning  protocol  in  a  small  cohort  of 
patients.  (Months  18-36). 

Task  3  will  begin  when  we  have  approval  for  patient  enrollment. 


Details  of  Reportable  Outcomes 

Task  1:  To  determine  the  need  for  alignment  and  to  establish  alignment  methods  for  MRI/MRSI  data  to 
HDR  brachytherapy  treatment  planning  MRI  and  CT  images.  (Months  1-24). 

a)  To  determine  the  need  and  accuracy  of  aligning  MRI/MSRI  data  acquired  with  an  endorectal 
probe  to  images  acquired  without  a  probe  (5  expandable  versus15  rigid  patient  studies) 

iv.  How  misaligned  a  manually  drawn  ROI  of  the  prostate  is  between  the  endorectal  T2- 
weighted  images  and  the  T2-weighted  images  acquired  without  a 
probe,  based  on  the  following  measures,  computed  for  each  image  slice: 

1 .  Translations  in  right/left  (R/L),  anterior/posterior  (A/P),  and  superior/inferior  (S/I). 

For  the  rigid  endorectal  coil,  the  mean  ±  standard  deviation  (range)  values  are  -2.31  ±  7.61 
mm  (-26.30  -  5.60  mm),  -5.37  ±  3.77  mm  (-10.60  -  4.20  mm),  and  3.60  ±  3.62  mm  (-3.00 
-  9.00  mm)  for  R/L,  A/P,  and  S/I  direction,  respectively.  The  following  table  summarized  all 
the  amount  of  translation  due  to  either  expandable  or  rigid  endorectal  coil  in  the  unit  of 
mm. 
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Direction 

Mean 

SD. 

Min. 

Max. 

Median 

S/I 

3.60 

3.62 

-3.00 

9.00 

3.00 

15  Rigid 
cases 

R/L 

-2.31 

7.61 

-26.30 

5.60 

-1.70 

A/P 

-5.37 

3.77 

-10.60 

4.20 

-5.40 

S/I 

5.40 

6.50 

0.00 

15.00 

3.00 

5  Expandable 
cases 

R/L 

0.54 

1.13 

-0.80 

1.90 

0.20 

A/P 

-9.86 

2.67 

-13.30 

-6.50 

-9.10 

S/I 

4.05 

4.38 

-3.00 

15.00 

3.00 

Total  20 

cases 

R/L 

-1.60 

6.67 

-26.30 

5.60 

-0.50 

A IP 

-6.50 

3.99 

-13.30 

4.20 

-6.45 

Positive  direction  is  left,  posterior  and  superior  direction. 
SD:  Standard  Deviation,  Min:  Minimum,  Max:  Maximum 


2.  Rotations  in  axial  (RotAxi),  sagittal  (Rotsag),  and  coronal  planes  (RotC0r)- 

The  rotations  of  the  prostate  in  coronal  and  axial  planes  (RotCor,  RotAxi)  were  visually 
negligible  when  we  compared  coronal  and  axial  T2-weight  MR  image  acquired  with  and 
without  ERC.  For  the  rotation  of  prostate  in  sagittal  plane  (RotSag)  due  to  rigid  endorectal 
coil,  the  mean  ±  standard  deviation  (range)  values  are  -15.7  ±  14.5  degrees  (-50.2  -  5.6 
degrees).  The  following  table  summarized  all  rotation  angles  due  to  either  expandable  or 
rigid  endorectal  coil  in  the  unit  of  degree. 


Mean 

SD. 

Min. 

Max. 

Median 

15  Rigid  cases 

-15.7 

14.5 

-50.2 

5.6 

-16.0 

5  Expandable  cases 

-3.3 

17.3 

-27.5 

18.0 

-2.3 

Total  20  cases 

-12.6 

15.8 

-50.2 

18.0 

-13.0 

Positive  direction  is  counterclockwise 

SD:  Standard  Deviation,  Min:  Minimum,  Max:  Maximum 


3.  Stretching/shrinking  of  right/left  (R/L),  anterior/posterior  (A/P),  and  superior/inferior 
(S/I)  axis  were  measured  by  the  deformations  (Dr/L,  Da/p,  DS/i)  of  prostate  due  to  either 
expandable  or  rigid  endorectal  coil. 

Figure  1  graphically  summarizes  the  A/P  (a)  and  R/L  (b)  distortions  for  the  rigid  (squares) 
and  expandable  (circles)  ERCs  at  the  base,  midgland  and  apex  of  the  prostate.  On 
average  the  expandable  coil  caused  a  significantly  (p  <  0.05)  larger  distortion  of  the 
prostate  as  compared  to  the  rigid  coil;  compressing  the  prostate  in  the  A IP  direction  by  4.7 
±  3.7  mm  (mean  ±  standard  deviation)  versus  1.2  ±  2.2  mm  (14.1%  versus  3.9%),  and 
widening  the  prostate  in  the  R/L  direction  by  6.1  ±  2.8  mm  versus  1.5  ±  3.1  mm  (16.7% 
versus  4.2%).  Additionally,  the  expandable  coil  consistently  caused  larger  distortions 
along  the  S/I  length  of  the  prostate  (base,  midgland  and  apex  of  gland)  as  compared  to 
the  rigid  coil,  with  the  distortions  being  significantly  larger  (P  <  0.05)  at  all  locations  except 
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for  the  A/P  dimension  at  the  base  and  midgland  due  to  the  large  variability  of  theses 
measurements  (Fig.  1(a)).  There  was  no  significant  difference  in  the  degree  of 
deformation  with  location  (apex,  midgland  and  base)  for  either  ERC.  The  difference  in  the 
S/I  length  of  the  prostate  measured  between  images  acquired  with  and  without  either  ERC 
was  always  less  than  the  thickness  of  an  axial  MR  image  (3  mm). 


Figure  1(b) 


4.  Percent  overlap  of  the  ROI  area. 

The  stack  of  axial  MR  images  acquired  with  coil  was  aligned  with  the  stack  of  axial  MR 
images  without  coil  by  rigid  image  registration  (translation  and  rotation).  Figure  2 
graphically  demonstrates  the  improvement  in  the  similarity  index  (Percent  overlap  of  the 
prostate  contours)  attained  using  the  rigid  coil.  Quantitatively,  the  ability  to  align  prostate 
images  acquired  with  and  without  ERC  was  significantly  (p  <  0.0001)  better  for  the  rigid 
coil  (SI  =  0.941  +  0.008,  range  from  0.925  to  0.952)  than  for  the  expandable  coil  (SI  = 
0.881  ±  0.04,  range  from  0.812  to  0.909). 


5  Expandable  ERC  15  Rigid  ERC 
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Figure  2 


4  • 


Task  2: 


v.  To  determine  if  the  proposed  simple  alignment  method  can  produce  less  than  5%  error  for 
each  measure  listed  in  (i).  The  method  is  based  on  visually  aligning  manually  drawn  ROIs  of 
the  prostate  acquired  with  and  without  a  probe  while  incorporating  translations,  rotations  and 
stretching  and  shrinking  each  axis  on  each  slice. 

A  94%  Average  overlap  of  prostate  contours  was  obtained  using  rigid  endorectal  coil.  Further 
investigation  is  needed  for  the  alignment  of  non-endorectal  MR  images  from  coil-in  MRI/MRSI 
exam  to  planning  CT  or  MRI. 

vi.  To  determine  the  tolerances  of  the  alignment  procedure  for  the  measures  listed  in  (i). 

We  will  perform  this  study  in  2005. 


To  elaborate  class  solutions  (a  set  of  optimization  constraints)  appropriate  for  DIL  boosts  of 
the  order  of  1 50%  of  the  prescribed  dose  and  protection  for  the  penile  bulb  and  the  neuro¬ 
vascular  bundle  valid  for  90%  of  the  cases. 

We  obtained  a  class  solution  for  the  boost  of  DIL  defined  by  MRI/MRSI  and  the  maximum 
achievable  boost  level  under  RTOG0321  dosimetric  requirement  using  10  HDR 
brachytherapy  patients. 

For  10  patients,  DILs  were  manually  contoured  on  HDR  planning  CT/MR  images  based  on 
combined  MRI/MRSI.  A  prostate  was  divided  into  3  sectors  in  the  cranio-caudal  direction  of 
the  prostate  (apex,  mid  and  base  of  prosatate)  on  planning  CT  or  MRI.  A  lesion  containing 
at  least  3  contiguous  MRSI  validated  cancer  voxels  was  called  a  DIL.  The  each  voxel  size 
of  MRSI  data  is  either  0.17  cc  (for  5  patients)  or  0.086  (for  5  patients).  The  mean  ± 
standard  deviation  (range)  values  are  36.9  ±  5.1  cc  (31.6  -  45.7  cc)  for  target  volume  and 
13.5  ±  7.7%  (3.7  -  31.3%)  for  the  percentage  of  DIL  volume  over  the  target  volume.  The 
class  solution  of  dose  constraints,  acceptable  dose  range  and  penalty  values,  were 
obtained  from  our  previous  clinical  experience  on  inverse  planning  technique  (IPSA)  as 
following  table. 


Volume 

Weight 
for  Dmjn 

DMin  (%) 

Dmsx  (%) 

Weight 
for  Dmax 

PROSTATE 

ON 

100 

100 

150 

100 

Target 

IN 

100 

100 

150 

30 

URETHRA 

ON 

100 

100 

120 

30 

Organ  at  risk 

IN 

100 

100 

120 

30 

BLADDER 

ON 

- 

- 

50 

30 

Organ  at  risk 

IN 

- 

- 

- 

- 

RECTUM 

ON 

- 

- 

50 

30 

Organ  at  risk 

IN 

- 

- 

- 

- 

For  each  patient,  six  plans  (one  without-boost  and  5  different  levels  of  dose  escalation  to 
the  DILs  requesting  a  minimum  of  110,  120,  130,  140  and  150%  of  the  prescribed  dose, 
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respectively)  were  generated  using  IPSA.  The  following  table  shows  the  class  solution  for  5 
different  boost  levels  of  DIL. 


Volume 

Weight 
for  Dmjn 

Diviin  (%) 

Diviax  (%) 

Weight 
for  Dmax 

DIL  (110%) 

ON 

100 

110 

150 

0 

Target 

IN 

100 

110 

150 

30 

DIL  (120%) 

ON 

wmm 

120 

150 

0 

Target 

IN 

'din 

120 

150 

30 

DIL  (130%) 

ON 

100 

130 

150 

0 

Target 

IN 

100 

130 

150 

30 

DIL  (140%) 

ON 

100 

140 

150 

0 

Target 

IN 

100 

140 

150 

30 

DIL  (150%) 

ON 

100 

150 

150 

0 

Target 

IN 

100 

150 

150 

30 

The  dosimetric  requirement  of  RTOG0321  protocol  is  VI 00  >  90%  for  target  coverage,  V75 
<  1  cc  for  bladder  and  rectum,  and  VI 25  <  1  cc  for  urethra.  For  5  different  plans,  the 
dosimetric  indices  were  computed  and  compared  with  the  dosimetric  requirement. 

Plans  without  boost  satisfied  all  RTOG0321  requirements  with  average  dose  coverage  of 
92.1%  to  target  (range  from  90.6  to  93.8%).  Four  (B,  C,  D,  and  J)  out  of  10  patients 
prohibited  any  boost  whereas  a  certain  level  of  boost  to  the  DILs  was  feasible  for  the  rest  of 
patients,  minimum  dose  of  110%  for  patient  E,  120%  for  patient  H  and  I,  140%  for  patient  A 
and  F,  and  150%  for  patient  G,  respectively.  For  each  patient,  the  summary  of  dosimetric 
indices  of  without-DIL  boost  plan  and  maximum  acceptable  boost  level  plan  (if  available) 
are  shown  in  the  following  table. 


Patient 

case 

Target 

V100[%] 

Bladder 

V75[cc] 

Rectum 

V75[cc] 

Urethra 

V125[cc] 

DIL 

V120[%]  V150[%] 

A 

without 

90.64 

0.89 

0.07 

0.03 

88.33 

54.19 

140 

92.71 

0.94 

0.85 

0.27 

93.02 

53.03 

B 

without 

93.46 

0.53 

0.51 

0.11 

71.67 

29.67 

C 

without 

91.85 

0.98 

0.29 

0.00 

95.29 

42.07 

D 

without 

90.73 

0.00 

0.91 

0.17 

81.52 

40.04 

E 

without 

91.97 

0.64 

0.24 

0.02 

53.22 

29.49 

110 

91.93 

0.73 

0.88 

0.01 

58.98 

19.41 

F 

without 

92.11 

0.02 

0.18 

0.01 

90.86 

34.32 

140 

92.00 

0.02 

0.91 

0.00 

97.26 

62.70 

G 

without 

93.78 

0.03 

0.61 

0.00 

99.74 

63.01 

150 

94.75 

0.03 

0.94 

0.03 

100.00 

85.13 

H 

without 

92.37 

0.34 

0.06 

0.00 

71.72 

23.10 

12 


p 


120 

94.01 

0.41 

0.94 

0.12 

77.24 

34.16 

1 

without 

92.85 

0.03 

0.21 

0.08 

79.53 

38.86 

120 

94.65 

0.06 

0.92 

0.24 

87.16 

31.79 

J 

without 

90.89 

0.01 

0.91 

0.06 

77.69 

37.94 

The  violation  of  RTOG0321  protocol  is  rectal  dose  for  9  patients  and  bladder  dose  for 
patient  C.  The  average  benefit  from  maximum  achievable  boost  for  6  patients  is  1.1% 
increase  of  target  coverage  and  5%  increase  of  VI 20  dose  to  DILs  compared  with  a  plan 
without  boost. 


d)  To  determine  the  parameters  of  the  dose  constraints  for  the  protection  of  the  penile  bulb. 

We  will  include  the  penile  bulb  for  the  class  solution  in  the  future. 

e)  To  determine  the  ability  of  IPSA  to  limit  the  dose  delivered  to  the  neuro-vascular  bundles  while 
keeping  an  adequate  coverage  of  the  prostate.  The  first  objective  is  to  limit  the  dose  to  the  bundles 
to  90%.  Investigation  will  be  required  to  determine  if  a  lower  value  can  be  reached. 

We  will  include  the  neuro-vascular  bundles  for  the  class  solution  as  soon  as  MRI-based  HDR 
brachytherapy  patients  are  enrolled. 

f)  To  determine  the  parameters  of  the  class  solution  that  will  fulfill  the  DIL  boost  and  simultaneously 
protect  the  additional  organs  at  risk,  bulb  and  neuro-vascular  bundles. 

ii.  To  determine  if  the  class  solution  can  include  all  DIL  locations  within  the  prostate.  Although 
most  DIL  are  located  in  the  peripheral  zone  of  the  prostate,  a  more  central  DIL  might  require 
heavier  weighting  on  the  urethra  protection. 


Task  3:  To  perform  feasibility  and  short-term  measures  of  improved  effectiveness  and  decreased 

side  effects  of  performing  the  proposed  treatment  planning  protocol  in  a  small  cohort  of 
patients.  (Months  18-36). 

Task  3  will  begin  when  we  have  approval  for  patient  enrollment. 
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LIST  OF  ACRONYMS 


CHR:  Committee  on  Human  Research 

CT:  Computed  Tomography 

MRI:  Magnetic  Resonance  Imaging 

MRSI:  Magnetic  Resonance  Spectroscopic  Imaging 

DIL:  Dominant  Intraprostatic  Lesion 

S/I:  Superior-Inferior 

R/L:  Right-Left 

A/P:  Antero-Posterior 

DOD:  Department  of  Defense 

ERC:  Endo  Rectal  Coil 

GU:  Genito-Urinary  Committee 

HDR:  High  Dose  Rate 

IPSA:  Inverse  Planning  with  Simulated  Annealing 

MRI:  Magnetic  Resonance  Imaging 

MRSI:  Magnetic  Resonance  Spectroscopy  Imaging 

PRC:  Protocol  Review  Committee 

ROI:  Region  of  Interest 

RTOG:  Radiation  Therapy  Oncology  Group 

SI:  Similarity  Index 

UCSF:  University  of  California,  San  Francisco 

Vn[%]:  Percentage  of  Volume  Receiving  n%  of  the  Prescribed  Dose 

Vn[cc]:  Volume  in  Cubic  Centimeter  Receiving  n%  of  the  Prescribed  Dose 
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Appendices 

A  UCSF  P.R.C.  Committee  approval  letter 


i 


UCSF  Comprehensive  Cancer  Center 
Protocol  Review  Committee 
Box  1297 

Phone:  353-9512 

Fax:  353-9738 


J  uly  12,  2004 


Dear  Dr.  Pouliot: 

Your  protocol  CC  #04554:  Phase  I  Study  of  Targeting  Dominant  Intraprostatic  Lesion 
Using  Functional  Imaging  with  MR  Spectroscopy  and  High  Dose  Rate  Brachytherapy 
(dated  June  6,  2004)  has  been  approved  as  scientifically  valid  and  logistically  feasible  by 
the  UCSF  Comprehensive  Cancer  Center  Protocol  Review  Committee  (PRC).  The 
approval  date  is  July  7,  2004.  You  may  now  submit  this  letter  and  your  protocol  to  the 
UCSF  Committee  on  Human  Research  (CHR).  You  should  then  submit  one  copy  of  your 
CHR  Approval  letter  to  the  Protocol  Office.  The  status  of  this  protocol  will  be  reviewed 
annually  until  it  is  closed  to  accrual. 


Sincerely, 


2. 


Judith  A.  Luce,  M.D. 

Chair,  Protocol  Review  Committee 


b'lb  /t?- 


Form  Revised  11/05/03 
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UCSF  C.H.R.  Committee  approval  letter 


• . .  COMMITTEE  ON  HUMAN  RESE  ARCH 

OH  in  OF  RESEARCH.  BtwWO 
UNIVKRSn  V  OF CALIFORNIA,  SAN  FRANCISCO 
vuv  rvsi-.udm^  r.sduvtirA  jy!  v/t  h  App  ^-^K'ofxl  asp 
chif/rmsf  oH 
(-115). 1 7ft.  I  SI  I 

CUR  APPROVAL  LETTER 

TO:  Jean  Pom  lint.  PhD.  i-Chow  Joe  Hsu,  MI). 

Box  1708  Box  1705. 

RE;  Phase  1  Study  of  Functional  Targeting  of  Dominant  Intraprostatic  Lesion  Using  MR  Spectroscopy  for  Prostate  High  Dose  Rate 
Brachylherapy  Boost 


Tlte  Committee  on  Human  Research  (CHR)  has  reviewed  and  approved  this  application  to  involve  humans  as  research  subjects.  This  included  a 
review  of  all  documents  attached  to  the  original  copy  of  this  letter. 

Specifically,  the  review  included  but  was  not  limited  to  the  following  documents: 

Consent  Form,  dated  12/17/04 

The  CHR  is  the  Institutional  Review  Board  (IRB)  for  UCSF  and  its  affiliates.  UCSF  holds  Office  of  Human  Research  Protections  Fedcralwide 
Assurance  number  FWAOOOOOOOS.  Seethe  CHR  welrsite  fora  list  of  other  applicable  FW.Vs 


APPROVAL  NUMBER:  H 11386-24294-01  .'ibis  number  is  a  UCSF  CUR  number  and  should  he  used  on  all  correspondence,  consent  forms 
and  patient  charts  as  -appropriate. 

APPROVAL  DATE:  December  17.2004  EXPIRATION  DATE:  December  17.2005  Full  Committee.  Review 

GENERAL  CONDITIONS  OF  APPROVAL:  Please  refer  to  www.vescarch.ucsf.edu/chr'Apply/chrApprovalCotKl.a^r  for  a  description  of 
the  general  conditions  of  CHR  approval.  In  particular,  the  study  must  be  renewed  by  die  expiration  date  if  work  is  to  continue.  Also,  prior  CHR 
approval  is  required  before  implementing  any  changes  in  the  consent  documents  or  any  changes  in  the  protocol  unless  those  changes  are  required 
urgently  for  the  safety  of  the  subjects. 

HIPAA  "Privacy  Rule"  (45CFR164):  This  study  requires  individual  conseni'aulhoriation  for  use  and/or  disclosure  of  Protected  Health 
Information  (Pill). 


Sincerely, 


Chair,  Committee  on  Human  Research 
cc:  Alan  Taniguchi,  Box  1708 


C  Publications 

1-  Jean  Pouiiot,  Yongbok  Kim,  Etienne  Lessard,  1-Chow  Hsu,  Daniel  B.  Vigneron  and  John 
Kurhanewicz,  Inverse  Planning  For  HDR  Prostate  Brachytherapy  Used  To  Boost  Dominant  Intraprostatic 
Lesions  Defined  By  Magnetic  Resonance  Spectroscopy  Imaging,  Int.  J.  Radiation  Oncology  Biol.  Phys.,  Vol. 
59,  No.  4,  pp.  1196-1207,  2004. 

2-  Yongbok  Kim,  Susan  Moyher  Noworolski,  Jean  Pouiiot,  1-Chow  J.  Hsu,  Daniel  B.  Vigneron,  and 
John  Kurhanewicz,  Expandable  and  rigid  endorectal  coils  for  prostate  MRI: 

Impact  on  prostate  distortion  and  image  registration,  submitted  for  publication  to  Medical  Physics,  January 
2005. 


Int.  J.  Radiation  Oncology  Biol.  Phys.,  Vol.  59,  No.  4,  pp.  1196  -1207,  2004 


INVERSE  PLANNING  FOR  HDR  PROSTATE  BRACHYTHERAPY 
USED  TO  BOOST  DOMINANT  INTRA-PROSTATIC  LESION 

DEFINED  BY 

MAGNETIC-RESONANCE  SPECTROSCOPY  IMAGING 

JeanPouliot,  Ph.D.,*  Yongbok  Kim,  M.Sc.,*  Etienne  Lessard,  M.Sc.,*  I-Chow  Hsu,  M.D.* 
Daniel  B.  Vigneron,!  Ph.D.,  and  John  Kurhanewicz,!  Ph.D. 


Departments  of  *  Radiation  Oncology  and  !Radiology,  University  of  California  San  Francisco, 

San  Francisco,  Ca. 


Corresponding  author:  Jean  Pouiiot,  Ph.D.,  Department  of  Radiation  Oncology, 

University  of  California,  1600  Divisadero  St.,  Suite  H1031,  San  Francisco,  Ca-94143-1708 

E-mail:  pouliot@radoncl7.ucsf.edu 

Fax:  415  353-9883 

URL  :  www.ucsf.edu/jpouliot 

This  work  was  supported  by  NIH  grants  CA79980  and  CA59897 
And  by  The  University  of  California  Cancer  Research  Coordinating  Committee 


Running  title  :  MRI/MRSI-based  Inverse  planning  for  HDR  Brachytherapy 


Abstract 


Purpose:  To  dose  escalate  selected  regions  inside  the  prostate  without  compromising  the  dose  coverage  of 
the  prostate  and  the  protection  to  the  urethra,  rectum  and  bladder  for  prostate  cancer  patients  treated  with 
HDR  brachytherapy. 

Methods  &  Materials:  Magnetic  resonance  imaging  combined  with  magnetic  resonance  spectroscopy 
imaging  was  used  to  differentiate  between  normal  and  malignant  prostate  and  define  cancer-validated 
dominant  intra-prostatic  lesions  (DIL)  on  10  patients.  The  DIL  were  then  contoured  on  the  planning  scans 
(CT  or  MRI  based,  5  patients  each)  and  our  inverse  planning  dose  optimization  algorithm  (called  IPSA)  was 
used  to  generate  dose  distributions  for  three  different  boost  levels.  Dose  volume  histograms  of  the  target  and 
each  organ  at  risk  were  compared  with  optimized  plans  without  DIL  boost. 

Results:  Combined  MRI/MRSI  identified  two  DILs  in  8/10  of  the  ten  patients  studied,  and  a  single  DIL  in 
the  remaining  two  patients.  The  average  prostate  dose  coverage  V100  was  97%  (o=1.0%).  When  the 
minimum  DIL  dose  requested  was  120%  of  the  prescribed  dose,  the  average  DIL  VI 20  was  97.1% 
(a=1.8%).  For  a  boost  value  of  150%,  the  average  V150  ranged  from  77.8%  to  86.1%  depending  on  the 
upper  limit  of  the  dose  constraints.  The  bladder  V50  increased  by  1%,  independently  of  the  boost  levels.  The 
absolute  increases  in  V50  for  the  rectum  varied  from  1  to  3%  depending  on  the  boost  level.  The  urethra  V120 
were  increased  by  13.4%  and  32.5  %  for  the  lowest  and  highest  boost  levels,  respectively. 

Conclusion:  The  DIL  dose  can  be  escalated  to  a  minimum  of  120%,  while  simultaneously  treating  the  entire 
prostate  without  increasing  the  dose  to  surrounding  normal  tissues.  Higher  boost  levels  between  150%  and 
170%  are  feasible,  but  with  slightly  larger  doses  delivered  to  the  rectum  and  urethra. 


Key  words:  Magnetic  resonance  spectroscopy  imaging  MRSI,  Prostate  cancer,  High  Dose  Rate 
Brachytherapy,  HDR,  Inverse  planning  dose  optimization,  Dominant  intra-prostatic  lesion,  Dose  escalation. 


INTRODUCTION 


The  advent  of  functional  imaging  modalities  such  as  Positron-Emission  Tomography  (PET)  or  combined 
MRI/MR-spectroscopy  imaging  (MRSI)  provides  new  tools  for  better  cancer-validated  tumor  targeting  in 
radiation  therapy.  Magnetic  Resonance  Spectroscopic  Imaging  (MRSI)  provides  a  non-invasive  method  of 
detecting  small  molecular  markers  (e.g.  the  metabolites  choline,  citrate  and  polyamines)  within  the  cytosol 
and  extracellular  spaces  of  the  prostate  and  is  performed  in  conjunction  with  high-resolution  anatomic 
imaging  (MRI).  Combined  MRI/MRSI  can  be  used  to  improve  the  radiation  dose  distribution  in  two 
important  ways.  First,  high  spatial  resolution  MRI  can  provide  improved  definition  of  the  prostate,  its 
complex  zonal  anatomy,  and  important  surrounding  structures.  Secondly,  a  combination  of  MRI/MRSI  and 
biopsies  can  be  used  to  define  the  distribution  of  dominant  regions  of  cancer  within  the  prostate. 
Specifically,  it  has  been  demonstrated  that  the  high  specificity  of  MRSI  to  metabolically  identify  cancer  can 
be  used  to  improve  the  ability  of  MRI  to  identify  the  location  and  extent  of  cancer  within  the  prostate  [1],  A 
study  of  53  biopsy  proven  prostate  cancer  patients  prior  to  radical  prostatectomy  and  step-section  pathologic 
examination  demonstrated  a  significant  improvement  in  cancer  localization  to  a  prostatic  sextant  (left  and 
right  -  base,  mid-gland,  and  apex)  using  combined  MRI/MRSI  versus  MRI  alone  [2].  A  combined  positive 
result  from  both  MRI  and  MRSI  indicated  the  presence  of  tumor  with  high  specificity  (91%)  while  high 
sensitivity  (95%)  was  attained  when  either  test  alone  indicated  the  presence  of  cancer.  In  another  study  it 
was  found  that  the  addition  of  a  positive  sextant  biopsy  finding  to  concordant  MRI/3D  MRS  findings  further 
increased  the  specificity  (98%)  of  cancer  localization  to  a  prostatic  sextant,  whereas  high  sensitivity  (94%) 
was  again  obtained  when  any  of  the  tests  alone  were  positive  for  cancer  [3] 

This  information  can  be  used  to  dose  escalate  only  the  cancer-validated  area  within  the  prostate,  defined  as 
the  Dominant  Intraprostatic  Lesion  (DIL).  Picket  et  ah,  [4]  have  demonstrated  the  feasibility  of  using  MR- 
spectroscopy  to  dose  escalate  dominant  intra-prostatic  lesion  with  external  beam.  By  combining  IMRT  and 
MRSI,  Xia  et  ah,  [5]  were  able  to  treat  the  DIL  to  90  Gy,  while  simultaneously  treating  the  prostate  to  >  70 
Gy  without  increasing  the  dose  to  surrounding  normal  tissues.  The  combination  of  an  optimization  planning 
algorithm,  MR-spcctroscopy  (MRSI)  and  tumor  control  probability  (TCP)  has  proven  to  be  a  safe  approach 
to  escalate  dose  and  possibly  improve  outcome  of  patients  treated  with  permanent  implanted  seeds  [6].  In 
their  study,  Zaider  et  al  demonstrated  that  a  minimum  dose  of  120%  of  the  144  Gy  prescription  could  be 
delivered  to  the  DIL  using  125I  seeds.  Yet,  these  important  pieces  of  information  (MRS  and  TCP-NTCP)  have 
not  been  taken  into  account  in  treatment  planning  of  high  dose  rate  (HDR)  brachytherapy. 

Recently,  Hsu  et  al  [7]  compared  the  dose  and  volume  of  bladder  and  rectum  treated  using  HDR 
brachytherapy  versus  conformal  external  beam  radiotherapy  boost  and  found  that  the  volume  of  bladder  and 
rectum  receiving  high  dose  was  significantly  less  —  about  95  %  —  with  implant  boost.  With  this  kind  of 
protection  to  the  adjacent  organs  at  risk,  they  concluded  that  HDR  brachytherapy  has  a  potential  for  dose 
escalation  beyond  external  radiotherapy  limits.  Theoretical  studies  have  suggested  this  can  significantly 
improve  tumor  control  probability.  Furthermore,  the  fact  that  HDR  brachytherapy  uses  an  afterloading  unit 
to  move  a  single  radioactive  seed  (i92Ir)  along  many  temporarily  implanted  catheters  makes  it  possible  to 
generate  a  wide  variety  of  dose  distributions  from  a  given  implant  simply  by  adjusting  the  length  of  time 
(dwell  time)  that  the  source  dwells  at  any  location  within  a  catheter  (dwell  position).  This  flexibility  allows 
the  full  benefit  of  the  3-dimensional  planning  system  based  on  CT  or  MRI. 

The  purpose  of  this  study  is  to  demonstrate  the  feasibility  of  DIL  dose  escalation  for  prostate  HDR 
Brachytherapy.  We  have  applied  our  in-house  developed  inverse  planning  optimization  algorithm  to  increase 
the  dose  delivered  to  the  dominant  intra-prostatic  lesions  defined  by  MRI/MRSI  and  evaluated  the  impact  on  the 
dose  coverage  of  the  prostate  and  the  protection  to  the  urethra,  rectum  and  bladder.  Different  values  of  DIL 
boosts  were  computed  to  establish  to  what  extent  the  DIL  dose  can  be  increased  without  affecting  the  dose 
delivered  to  the  organs  at  risk  while  maintaining  the  prostate  dose  coverage. 


METHODS  AND  MATERIAL 

The  study  was  performed  on  10  patients  treated  for  prostate  cancer  with  HDR  brachytherapy.  The  locations 
of  the  DIL,  as  determined  from  the  combined  MRI/MRSI  scans,  were  manually  contoured  on  the  planning 
scans.  For  this  study,  dose  planning  was  based  on  CT  scans  for  5  patients  and  on  MRI  for  another  5.  For  each 
patient,  our  in-house  inverse  planning  routine  was  used  to  optimize  the  dose  distribution  and  dose  escalate 
three  levels  of  DIL  boosts  to  be  compared  with  the  reference  plan  with  no  boost.  Dose  Volume  Histograms 
(DVH)  of  the  target  and  each  organ  at  risk  were  computed  and  the  results  compared  with  optimized  plans 
without  DIL  boost. 

MRSI/ MRI  Acquisition 

The  details  of  the  MRI/MRSI  techniques  have  been  previously  described  [8,9],  In  brief,  patients  received 
Internal  Review  Board  (IRB)  approved-consent  and  MRI/MRSI  scans  were  obtained  on  a  1.5  Tesla  GE 
system  to  determine  the  location  of  the  cancer-validated  dominant  intraprostatic  lesions  (Signa;  GE  Medical 
Systems,  Milwaukee,  WI)  [9],  Patients  were  scanned  in  the  supine  position  using  the  body  coil  for  excitation 
and  a  pelvic  phased  array  coil  (GE  Medical  Systems,  Milwalkee,  WI)  in  combination  with  a  commercially 
available  balloon-covered  expandable  endorectal  coil  (Medrad,  Pittsburgh,  PA)  for  signal  reception.  Axial 
spin-echo  T1  weighted  images  were  obtained  from  the  aortic  bifurcation  to  the  symphysis  pubis,  using  the 
following  parameters:  TR/TE  =  700/8  msec,  slice  thickness  =  5  mm,  interslice  gap  =  1  mm,  field  of  view  = 
24  cm,  matrix  256  x  192,  frequency  direction  transverse,  and  1  excitation.  Thin-section  high  spatial 
resolution  axial  and  coronal  T2  weighted  fast  spin-echo  images  of  the  prostate  and  seminal  vesicles  were 
obtained  using  the  following  parameters:  TR/effective  TE  6000/96  msec,  echo  train  length  =  16,  slice 
thickness  =  3  mm,  interslice  gap  =  0  mm,  field  of  view  =  14  cm,  matrix  256  x  192,  frequency  direction 
anteroposterior  (to  prevent  obscuration  of  the  prostate  by  endorectal  coil  motion  artifact),  and  3  excitations. 
All  MR  images  were  post-processed  to  compensate  for  the  reception  profile  of  the  endorectal  and  pelvic 
phased  array  coils  [1], 

After  review  of  the  axial  T2  weighted  images,  a  spectroscopic  imaging  (MRSI)  volume  was  selected  to 
maximize  coverage  of  the  prostate,  while  minimizing  the  inclusion  of  periprostatic  fat  and  rectal  air.  This 
was  achieved  using  a  water  and  lipid  suppressed  double-spin  echo  PRESS  (Point-Resolved  Spectroscopy) 
sequence,  in  which  both  1 80°  pulses  were  replaced  with  dualband  phase  compensating  spectral/spatial  pulses 
designed  for  robust  spectroscopic  volume  selection  and  water  and  lipid  suppression  [10].  The  ability  to 
include  all  of  the  prostate  in  the  spectroscopic  volume  while  minimizing  spectral  contamination  from  outside 
the  gland  was  improved  by  applying  very  selective  suppression  (VSS)  pulses  to  better  define  the  sides  of  the 
PRESS  volume  and  conform  the  rectangular  volume  to  fit  the  shape  of  the  prostate  [11].  Subsequent  to 
volume  selection,  16x8x8  phase  encoding  was  applied  to  produce  spectral  arrays  having  spectroscopic 
voxels  with  a  nominal  spatial  resolution  of  0.3  cm3,  TR/TE  =  1000/130  ms,  and  17  minute  acquisition  time. 
The  total  examination  time  was  1  hour,  including,  coil  placement  and  patient  positioning. 

Spectroscopic  data  were  processed  using  a  combination  of  in-house  and  IDL  (Research  Systems,  Inc., 
Boulder,  CO)  software  tools.  Spectra  were  evaluated  after  automatic  phasing,  frequency  alignment  and 
baseline  correction.  Metabolite  peak  areas  were  obtained  by  numerical  integration  over  regions 
corresponding  to  choline,  creatine,  and  citrate,  and  the  loss  of  polyamines  in  cancer  was  qualitatively 
assessed  by  the  associated  improved  resolution  of  the  choline  and  creatine  resonances.  Spectra  were 
inspected  and  compared  with  the  corresponding  axial  T2-weighted  image  and  were  considered  useable  if  less 
than  25%  of  the  voxel  was  in  the  central  gland,  the  voxel  did  not  contain  urethral  or  ejaculatory  ducts  tissue, 
and  the  spectra  were  not  contaminated  by  insufficiently  suppressed  water  or  lipid.  Abnormal  spectra  within 
the  central  gland  were  only  called  if  the  abnormality  extended  from  the  peripheral  zone  or  very  elevated 
choline  (Choline/Creatine  >  2)  was  observed.  The  elimination  of  spectral  contamination  from  outside  the 
PRESS  volume  allowed  the  interpretation  of  peripheral  zone  voxels  that  extended  outside  of  the  PRESS 
volume  as  there  was  sufficient  signal-to-noise.  All  useable  spectral  voxels  were  scored  using  a  standardized 


five-point  scale  recently  developed  for  the  interpretation  of  peripheral  zone  metabolism  [12].  Based  on 
changes  in  choline,  citrate  and  polyamines,  a  score  from  1  to  5,  was  assigned  to  each  spectroscopic  voxel.  A 
score  of  1  was  considered  to  be  definitely  benign,  2  likely  benign,  3  equivocal,  4  likely  abnormal,  and  5 
definitely  abnormal.  Because  MRSI  and  MRI  are  acquired  within  the  same  exam,  the  data  sets  are  already  in 
alignment  and  can  be  directly  overlaid  (Figures  1A  and  B).  However,  the  endorectal  coil  necessary  for  the 
acquisition  of  the  high  resolution  MRSI  data  distorts  the  shape  of  the  prostate.  The  acquisition  of  images 
with  and  without  the  endorectal  coil  within  the  same  exam  improved  the  translation  of  the  MRSI  data  to  the 
non-distorted  images  for  manual  merging  with  the  planning  CT  or  MRI  scans.  The  DILs  were  identified  as 
regions  of  3  or  more  adjacent  abnormal  spectroscopic  voxels  (scores  of  4  and/or  5)  with  a  corresponding 
anatomic  abnormality  (decreased  signal  intensity  on  T2-weighted  images). 


The  patient  population  is  described  in  Table  I.  All  patients  had  biopsy  proven  prostate  carcinoma.  The 
prostate  volumes  range  from  30  to  45  cc.  The  DIL  volumes  ranged  from  0.4  cc  to  6.0  cc,  representing  5  to  18 
%  of  the  prostate  volumes.  Eight  of  the  ten  patients  showed  two  distinct  DIL  volumes  (or  foci).  In  all  cases, 
the  DIL  were  located  in  the  peripheral  zone  of  the  gland. 

Using  MRSI/MRI  information  to  define  DIL  on  Planning  Scans  (CT  or  MRI) 

A  volume  study  (CT  or  MRI  planning  scan)  with  the  catheters  in  place  was  performed  for  dose  planning 
purpose  immediately  after  catheter  insertion.  The  transversal  planning  CT  (or  MRI)  and  MRSI/MRI  slices 
were  aligned  manually  to  match  the  corresponding  anatomical  structures.  On  each  slice,  the  observer 
reproduced  the  DIL  contours  based  on  MRI  and  MRSI.  The  transversal  alignment  was  based  on  mutual 
anatomical  features  and  was,  for  the  most  part,  straightforward.  Few  simple  rules  were  followed  to  insure 
consistency  throughout  the  process.  In  particular,  the  distances  from  the  DIL  to  the  urethra  (laterally)  and  the 
rectum  were  used  to  position  the  DIL  on  each  slice.  As  a  final  consistency  check,  the  volume  of  the  DIL 
contoured  on  the  planning  scan  was  compared  to  its  volume  on  the  MRSI  scan.  For  this  study,  the  distortion 
of  the  prostate  was  only  addressed  visually.  For  example,  the  urethra  appears  more  posterior  on  the  MRSI 
than  on  the  planning  scans  due  to  the  compression  of  the  endorectal  probe.  The  uncertainty  is  limited  by  the 
fact  that  MRSI  was  used  to  determine  the  DIL  locations,  representing  only  a  small  volume,  limited  to  the 
peripheral  zone  of  the  prostate.  The  longitudinal  alignment  was  complicated  by  the  fact  that  CT  slice 
thicknesses  were  3  mm  while  MRI/MRSI  reconstructed  slices  were  3.5  mm.  For  CT-based  dose  planed,  the 
MRI/MRSI  defined  DIL  were  contoured  to  the  nearest  cranio-caudal  CT  slice  coordinates.  This  resulted  in  a 
precision  of  1.5  mm  in  the  longitudinal  definition  of  the  DIL.  No  restrictions  on  the  minimum  distance 
between  the  DIL  and  the  rectum  or  urethra  were  imposed  in  delineating  the  DIL  contours.  Therefore,  on 
several  occasions,  the  DIL  was  very  close  to  the  rectum. 

Inverse  Planning  Dose  Optimization 

The  dose  planning  tool  developed  and  routinely  used  clinically  at  our  institution  (IPSA  -  Inverse  planning  - 
simulated  annealing)  [13-16]  was  used  to  perform  the  dose  distribution  optimization  in  this  study.  The 
program  combines  two  parts:  1)  a  user-to-computer  translator  that  gathers  the  anatomical  dose  constraints  of 
the  physician,  and  2)  an  optimization  engine  that  finds  the  best  solution  that  fulfills  the  dose  constraints. 
Clinical  Target  Volumes  (CTV)  and  Organs  at  Risk  (OAR)  are  contoured  on  each  slice  of  the  scan  used  for 
CT  or  MRI  based  planning.  Active  dwell  source  positions  are  automatically  selected  from  all  possible  dwell 
positions  based  on  CTV  and  OAR  and  dwell  times  are  automatically  optimized. 

The  standard  dose  constraints  include  dose  coverage  for  the  prostate  with  an  acceptable  dose  range  within  the 
prostate  to  limit  heterogeneity  in  the  dose  distribution,  protection  against  hot  spots  to  the  urethra, 
minimization  of  the  dose  delivered  to  the  bladder,  bulb  and  rectum.  It  was  previously  shown  that  the  inverse 
planning  approach  IPSA  provides  superior  HDR  plans  from  a  dosimetric  point  of  view  than  do  regular 
forward  planning  approaches.  This  is  particular  the  case  when,  in  addition  to  dose  coverage,  3D  anatomical 


dose  conformity  (sparing  of  normal  tissue),  uniformity  and  protection  to  organs  at  risk  are  considered 
[13,15,16], 

In  the  present  work,  in  addition  to  the  dose  constraints  imposed  on  the  prostate,  urethra,  bladder,  bulb, 
rectum  and  normal  tissues,  three  different  boost  levels  were  defined  for  the  DIL.  The  Table  II  presents  how 
the  acceptable  dose  range  is  specified.  For  each  volume  of  interest,  two  sets  of  values,  used  to  constrain  the 
dose  on  the  contours  (ON)  and  inside  the  volume  (IN),  must  be  provided.  A  minimum  dose  (Dmjn)  and  a 
maximum  dose  (Dmax)  define  the  acceptable  dose  range.  When  the  dose  to  any  given  dose  point  is  within  this 
range,  the  optimization  does  not  attempt  to  modify  it.  Penalties  are  applied  when  the  dose  is  out  of  this  range. 
Penalty  or  weight  factors  are  associated  with  minimum  and  maximum  doses  outside  the  acceptable  dose 
range,  respectively  [13-15]. 

The  100%  isodose  is  specified  as  the  prescribed  dose.  Therefore,  in  Table  II,  a  minimum  dose  of  100%  is 
required  for  the  prostate  gland,  both  on  the  contour  (ON)  and  inside  the  gland  (IN).  The  weight  given  to  this  is 
maximum  or  100.  The  maximum  dose  tolerated  represents  150%  of  the  prescribed  dose.  Inside  the  volume, 
more  small  hot  spots  must  be  tolerated  very  close  to  each  source.  Therefore  the  weight  for  high  dose  inside  is 
reduced  (30).  For  the  urethra,  the  minimum  prescribed  dose  is  required,  but  the  maximum  dose  must  be  limited 
to  120%.  The  dose  range  in  Table  II  is  therefore  100  to  120%  on  the  contours  and  inside  the  volume. 

IPSA  automatically  turns  off  all  dwell  source  positions  inside  an  OAR.  It  is  therefore  not  necessary  to 
specify  an  acceptable  dose  range  inside  an  organ  at  risk,  but  only  on  its  surface.  The  concept  of  prescribing 
at  a  given  point  no  longer  applies  for  inverse  planning;  the  prescription  is  global.  One  of  the  advantages  of 
this  approach  is  that  the  burden  on  the  user  does  not  increase  with  the  number  of  targets  or  organs  at  risk. 
Additional  volumes  of  interest  are  simply  added  in  the  dose  constraints  by  introducing  a  new  volume  and 
specifying  the  parameters  for  ON  and  IN. 

IPSA  was  used  to  generate  four  optimized  dose  distributions  for  each  patient;  one  without  DIL  boost  and  one 
for  each  DIL  boost  level.  For  boost  level  1  (Bl),  dose  constraints  were  defined  to  bring  the  dose  to  the  DIL  to 
fall  within  the  range  of  120  and  150%  of  the  prescribed  dose.  A  second  boost  level,  B2  required  both  a 
minimum  and  maximum  dose  of  150%.  Finally,  a  third  boost  B3,  was  designed  to  push  the  dose  above  150%  of 
the  prescribed  dose,  but  less  than  170%.  The  corresponding  DIL  constraints  for  different  boost  levels  (Bl,  B2 
and  B3)  are  presented  in  Table  II.  For  patients  with  2  DIL,  the  same  set  of  dose  constraints  was  applied  to  both 
DIL.  For  a  given  boost  level,  the  set  of  the  same  dose  constraints  represents  a  class  solution  and  was  used  to 
govern  the  dose  optimization  of  all  patients.  Here,  we  have  exploited  the  main  feature  of  IPSA  where  several 
targets  and  organs  at  risk  can  be  simultaneously  taking  into  account,  including  the  case  of  one  (or  several)  target 
within  a  target  (DIL  boost). 

The  VI 00  and  VI 50  were  extracted  from  the  DVH  to  assess  target  dose  coverage  and  homogeneity  for  each 
DIL  boost  level  and  without  boost.  For  the  DIL,  VI 00,  VI 20  and  VI 50  were  recorded.  Dose  delivered  to 
bladder  and  rectum  was  verified  using  V50  and  V80.  VI 00  and  VI 20  were  recorded  for  the  urethra. 

RESULTS 

Figure  1  shows  a  representative  reception-profile  corrected  T2  weighted  FSE  axial  image  taken  from  a 
volume  data  set  of  a  patient  who  has  two  dominant  intraprostatic  lesions.  The  dominant  intraprostatic  lesions 
were  identified  by  the  presence  of  3  or  more  contiguous  spectroscopic  voxels  having  scores  higher  than  3, 
and  corresponding  low  signal  intensity  on  T2  weighted  imaging.  As  can  be  seen  from  the  spectra  scored  as  4 
or  5  (Fig.  ID),  there  was  significantly  decreased  citrate  and  polyamines  and  increase  choline  relative  to 
healthy  spectra,  scored  as  1  and  2,  or  indeterminate  spectra,  scored  as  3  (Figure  1C).  In  this  study,  combined 
MRI/MRSI  identified  two  DILs  in  8  of  the  ten  patients  studied,  and  a  single  DIL  in  the  remaining  two 
patients. 


Isodose  distributions  for  the  reference  plan  and  for  the  three  different  boost  levels  Bl,  B2  and  B3  are 
presented  on  Figure  2  for  the  patient  studied  on  Figure  1.  The  contours  of  anatomical  structures  (prostate 
(dashed  line),  urethra  (hexagonal),  rectum,  and  DIL  (dotted  line))  are  shown  here  on  the  CT  median  slice. 
Three  isodose  levels  are  displayed,  from  outside  in;  1 00,  1 50  and  200%  of  the  prescribed  dose.  The  dose 
coverage  (VI 00)  is  similar  for  all  boost  levels.  For  this  patient,  one  of  the  DILs  is  located  close  to  the 
posterior  limit  of  the  prostate,  resulting  on  the  100%  isodose  covering  more  rectum  area  as  the  boost  level 
increases. 

A  set  of  DVHs  for  the  target  (Figure  3A),  the  two  DIL  included  in  the  prostate  (Figure  3,  B  and  C)  and  for 
the  organs  at  risk  (Figure  4),  bladder  (A),  rectum  (B)  and  urethra  (C)  are  presented  for  the  same  patient 
presented  at  Figures  1  and  2.  Results  from  the  other  patients  were  very  similar.  Therefore,  the  specific  results 
of  this  patient  are  typical  of  all  the  other  patients  analyzed.  Each  graph  presents  the  DVF1  for  4  cases; 
reference  plan  (thin  solid  line),  and  three  levels  of  boost,  Bl  (120  to  150%,  dashed  line),  B2,  (150  to  150%, 
dotted  line)  and  B3  (150  to  170%,  solid  line).  The  first  two  cases  (no  boost  and  Bl)  are  so  similar  that  the 
curves  are  hardly  distinguishable  on  the  target  DVH  on  Figure  3  A.  DVHs  for  B2  and  B3  are  almost 
superimposed,  either  for  target  than  organs  at  risk.  The  DVH  curves  for  B2  and  B3  are  slightly  above  the 
reference  plan  or  boost  Bl,  either  for  the  target  (Figure  3  A)  or  the  organs  at  risk  (Figure  4  A,B  and  C).  The 
main  impact  of  DIL  boost  can  be  seen  on  the  DIL  DVHs  on  Figure  3  B  and  C. 

In  order  to  evaluate  the  global  impact  of  the  various  boost  levels  on  the  dose  delivered  to  the  target  and  the 
organs  at  risk,  the  evolution  of  the  dosimetrical  indices  (V50(%)  for  bladder  and  rectum  and  V120(%)  for  the 
urethra)  of  each  individual  patient  for  the  reference  plan,  Bl,  B2  and  B3  are  presented  on  Figure  5  and  6.  The 
absolute  differences  over  all  patients  between  the  three  boost  levels  (Bl,  B2  and  B3)  and  the  reference  plan 
without  boost  are  also  presented  in  Table  III.  The  small  standard  deviation  values  (numbers  in  parentheses  in  the 
Table)  indicate  the  consistency  among  different  patients. 

For  all  boost  levels,  including  the  reference  plans,  the  average  target  V100(%)  (Figure  5  A,  left)  are  above 
96%  (range  94  to  99%).  The  average  V150(%)  values  of  the  prostate  for  all  patients,  were  38.1%  for  the 
reference  plans  and  increased  to  40.4%,  49.3%  and  50.6%  for  the  boost  levels  Bl  to  B3,  respectively  (Figure 
5 A,  right).  The  increased  VI 50  values  for  boosts  B2  and  B3  are  simply  due  to  the  dose  constraints  imposing 
that  the  dose  delivered  to  the  DIL,  included  in  the  prostate  DVH,  be  of  at  least  150%  of  the  prescribed  dose. 

It  is  interesting  to  note  that  the  VI 50  shows  very  little  increase  between  no  boost  and  Bl. 

The  DIL  DVHs  were  analyzed  to  determine  the  degree  of  fulfillments  of  the  dose  constraints  (Figure  5  B,  left 
and  right).  For  a  boost  level  Bl,  the  minimum  dose  requested  was  120%  of  the  prescribed  dose  and  the 
average  DIL  V120  is  97.1%  (standard  deviation  of  1.8%).  For  B2,  the  minimum  boost  value  was  150%  of 
the  prescribed  dose.  The  average  V150  is  77.8%  (o  =  12%).  Finally,  for  B3  the  minimum  dose  value  was  as 
for  B2  but  the  upper  limit  set  to  170%  of  the  prescribed  dose.  The  VI 50  is  86.1%  (o  =  9.5). 

Figure  6  presents  the  results  for  the  organs  at  risk.  The  V50s  of  the  bladder  (A)  increase  by  an  absolute  value  of 
about  1%  for  the  various  boost  levels  (0.97,  1.33  and  1.25  for  Bl,  B2  and  B3,  respectively).  The  increases  of 
V50  are  probably  clinically  insignificant  for  the  different  boost  levels  compared  to  the  reference  plan.  The 
absolute  increases  in  V50  for  the  rectum  is  less  than  1%  for  a  Bl  boost  and  about  3%  for  B2  and  B3  boosts 
(Figure  6  B).  However,  the  volume  of  the  urethra  receiving  more  than  120%  of  the  prescribed  dose  is  increased 
by  13.4%  for  a  Bl  boost  and  by  32.0  and  32.5  %  for  B2  and  B3  boosts  relatively  to  the  reference  plan, 
respectively  (Figure  6  C).  No  attempt  was  made  to  minimize  the  dose  increase  to  the  urethra  by  imposing  more 
weight  on  the  protection  of  the  urethra.  Effectively,  in  order  to  perform  an  objective  comparison,  the  same  class 
solution  was  used  among  all  plans  with  various  boost  levels  as  well  as  the  reference  plan. 


DISCUSSION 

In  this  cohort  of  patients,  the  different  boost  levels  resulted  in  the  urethra  experiencing  the  largest  increase.  It 
should  be  noted  that  in  spite  of  the  maximum  increase  due  to  the  B3  boost,  the  doses  that  would  be  delivered 
to  the  urethra  were  still  below  the  doses  that  were  planed  and  used  clinically  before  the  clinical  introduction 
of  the  inverse  planning  tool  [15].  The  largest  urethra  dose  increases  were  observed  for  the  patients  where  the 
initial  doses  in  the  reference  plan  were  the  lowest.  The  optimization  tool  IPSA  could  therefore  increase  the 
dose  to  the  urethra  and  still  fulfill  the  new  dose  constraints  including  the  DIL.  For  the  patients  with  already  a 
large  VI 20%,  little  increases  of  the  urethra  doses  were  observed  as  the  limits  of  the  dose  constraints  were 
reached.  Such  a  behavior  would  be  very  difficult  to  achieve  with  manual  adjustments  and  only  an  anatomy 
based  dose  optimization  tool  such  as  the  one  used  in  this  work  could  systematically  refine  the  dose 
distribution  to  this  extent. 

In  the  future,  MRI/MRSI  scans  could  be  performed  with  catheters  already  implanted.  The  catheters  would 
provide  additional  landmarks  that  would  facilitate  the  MRI  to  MRS  image  registration.  Moreover,  the 
MRI/MRSI  scans  could  be  used  directly  for  dose  planning.  Before  this  can  become  possible  however,  the 
impact  of  the  presence  of  the  catheters  as  well  as  the  trauma  caused  to  the  gland  by  their  insertion  on  the 
spectroscopic  responses  of  the  MRS  scans  will  need  to  be  studied.  In  the  present  study,  the  transversal 
CT/MRI  slices  used  for  dose  planning  were  aligned  manually  to  match  the  corresponding  anatomical 
structures.  Then,  the  observer  reproduced  the  DIL  contours  based  on  MRI  and  MRSI.  Therefore,  the 
distortion  of  the  gland,  due  to  the  presence  of  the  endorectal  probe  during  the  MRSI  study,  the  swelling 
caused  by  the  insertion  of  the  catheters,  or  the  presence  of  a  Foley  catheter  in  the  urethra,  was  only  accounted 
for  visually.  This  is  probably  adequate  on  a  limited  number  of  patients  and  small  DILs  such  as  the  cohort  of 
this  study.  For  routine  clinical  work  however,  one  will  need  to  establish  alignment  methods  for  MRI/MRSI 
data  to  HDR  brachytherapy  treatment  planning  MRI  and  CT  images.  This  work  is  in  progress. 

In  brachytherapy,  a  prostate  optimized  without  boost  would  naturally  show  many  dose  areas  above  120%.  By 
requesting  a  B1  boost,  the  optimization  has  only  to  insure  that  the  naturally  occurring  hot  spots  will  fall 
where  the  DIL  are  located.  The  total  dose  delivered  without  boost  and  with  a  B1  boost  is  therefore  the  same; 
the  dose  is  distributed  differently.  In  fact,  when  comparing  the  total  dwell  time  for  the  different  boost  levels, 

B1  was  only  2%  more  than  the  reference  plan.  The  total  dwell  times  for  B2  and  B3  are  6%  longer  than  the 
reference  plan. 

Although  this  paper  addressed  the  feasibility  to  dose  escalate  a  cancer-validated  zone  in  the  prostate,  it  could  be 
argued  that  only  the  DIL  plus  a  margin  should  receive  the  full  prescribed  dose,  allowing  to  reduce  the  dose 
delivered  to  the  rest  of  the  prostate.  This  would  result  in  a  strong  reduction  of  dose  delivered  to  the  surrounding 
tissues  and  organs  at  risk.  However,  better  radiobiological  data,  perhaps  gathered  from  functional  imaging,  will 
need  to  be  obtained  before  dose  reduction  could  be  considered. 

CONCLUSION 

In  this  paper,  we  have  demonstrated  the  feasibility  of  DIL  dose  escalation  for  prostate  high  dose  rate 
Brachytherapy.  We  have  exploited  the  high  specificity  of  combined  MRI/MRSI  for  detecting  and  localizing 
prostate  cancer  within  the  prostate  to  identify  the  dominant  intraprostatic  lesions.  We  have  used  our  inverse 
planning  dose  optimization  tool  to  increase  the  dose  delivered  to  the  DIL  to  the  120  to  150%  range,  while 
preserving  the  prostate  coverage  and  keeping  the  dose  delivered  to  the  organs  at  risk  to  the  same  level 
compared  to  an  inverse  planned  dose  distribution  without  DIL  boost.  The  B1  boost  provided  DIL  dose  levels 
to  120%  with  no  increase  of  the  dwell  times.  This  is  the  nature  of  the  inverse  planning  ability  to  move  the  hot 
spots  where  appropriate,  in  that  case  the  DIL.  This  is  inherently  difficult  to  achieve  with  forward  planning. 
Inverse  planned  DIL  boosts  of  at  least  120%  can  therefore  be  safely  delivered.  Larger  boost  values  between 
150%  and  170%  will  have  to  be  investigated  before  their  clinical  use  can  be  considered. 
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Figure  and  Table  Captions 


Figure  1.  A)  A  representative  reception-profile  corrected  T2  weighted  FSE  axial  image  taken  from  the 
midgland  of  a  63  year  old  patient  with  biopsy  proven  bilateral  Gleason  4+3  cancer.  The  PRESS  selected 
volume  encompassing  the  prostate  is  overlaid  as  a  bold  white  box  and  a  portion  of  the  16x8x8  spectral  array 
grid  from  one  of  9  axial  spectroscopic  slices  is  overlaid  on  the  axial  T2  weighted  image  (B)  with  the 
corresponding  axial  0.3  cm3  proton  spectral  array  (C).  The  location  of  the  spectral  grid  can  be  changed  in 
post-processing  to  optimally  align  with  regions  of  interest  such  as  the  peripheral  zone.  The  DILs  were 
identified  as  3  or  more  adjacent  voxels  having  scores  greater  than  3  as  shown  on  a  series  of  summary 
MRI/MRSI  images  (6  out  of  9  images  shown)  (D).  Consistent  with  biopsy  results  two  dominant 
intraprostatic  images  were  identified,  one  in  the  left  and  one  in  the  right  lobe  extending  from  the  base  to  the 
apex. 

Figure  2:  Isodose  distribution  for  the  patient  study  presented  on  Figure  1  for  the  three  boost  levels  Bl,  B2 
and  B3:  The  goals  for  the  dose  range  in  the  DIL  are  for  Bl;  120%  -150%,  B2;  1 50%  1 50%  and  B3;  150%- 
170%.  The  DIL  are  displayed  as  the  light  shaded  areas.  Only  the  areas  with  a  score  4  (probably  cancer)  or  5 
(definitively  cancer)  from  Figure  1  were  selected  to  define  the  DIL.  The  contours  of  anatomical  structures 
(prostate  (dashed  line),  urethra  (hexagon),  rectum,  and  DIL  (dotted  line))  are  also  shown  here  on  the  CT 
median  slice.  Three  isodose  levels  are  displayed,  from  outside  to  inside;  100,  150  and  200%. 

Figure  3:  Dose  Volume  Histograms  of  the  prostate  and  of  the  DILs  (in  CC).  The  thin  line  represents  the 
DVH  for  the  reference  plan  (target  only),  and  the  other  curves  represent  the  three  levels  of  boost,  Bl  (dashed 
line),  B2  (dotted  line)  and  B3  (solid  line).  The  relative  prescription  dose  was  100%. 

Figure  4:  Dose  Volume  Histograms  of  A)  bladder  (in  CC),  B)  rectum  (in  CC),  and  C)  urethra  (in  CC).  The 
thin  lines  represent  the  DVH  for  the  reference  plan,  and  the  other  curves  represent  the  three  levels  of  boost, 
Bl  (dashed  line),  B2  (dotted  line)  and  B3  (solid  line). 

Figure  5:  Values  of  A)  V100(cc)  (left)  and  V150(%)  (right)  of  the  prostate,  and  B)  VI 20  (%)  (left)  and 
V150(%)  (right)  of  the  DILs  for  all  patients  included  in  the  study.  In  each  case,  the  results  are  presented  for 
the  reference  plan  (target  only),  Bl,  B2  and  B3. 

Figure  6:  Values  of  A)  V50(cc)  of  the  bladder,  B)  V50(cc)  of  the  rectum,  C)  V120(cc)  of  the  urethra  for  all 
patients  included  in  the  study.  In  each  case,  the  results  are  presented  for  the  reference  plan,  Bl,  B2  and  B3. 


Table  I:  Summary  of  patient  population  with  DIL  defined  by  MRS. 

Table  II:  Dose  constraints  specified  for  the  target  (Prostate),  three  organs  at  risk  (Bladder,  Rectum  and 
Urethra)  and  three  levels  of  D.I.L.  boosts,  Bl  (120%  to  150%),  B2  (150  to  150%)  and  B3  (150  to  170%). 

Table  III:  Dosimetric  indices  of  the  organs  at  risk  for  the  reference  and  3  boost  level  plans.  The  average 
values  of  V50(cc)  and  V80(cc)  are  presented  for  the  bladder  and  rectum.  For  the  urethra,  V120(cc)  values  are 
shown.  The  average  relative  increases  over  all  patients  of  V50(%)  (bladder,  rectum)  or  V120(%)  between  the 
three  boost  levels  (Bl,  B2  and  B3)  and  the  reference  plan  without  boost  are  also  presented.  The  numbers 
within  brackets  represent  the  standard  deviation  of  the  increases. 


Table  II:  Dose  constraints 


Volume 

Weight  for  Dmin 

DMin  (%) 

DMax  (%) 

Weight  for  Dmax 

PROSTATE 

Target 

ON 

100 

100 

150 

100 

IN 

100 

100 

150 

30 

DIL 

Target 

B1 

ON 

100 

120 

150 

30 

IN 

100 

120 

150 

30 

DIL 

Target 

B2 

ON 

100 

150 

150 

30 

IN 

100 

150 

150 

30 

DIL 

Target 

B3 

ON 

100 

150 

170 

30 

IN 

100 

150 

170 

30 

URETHRA 
Organ  at  risk 

ON 

100 

100 

120 

30 

IN 

100 

100 

120 

30 

BLADDER 
Organ  at  risk 

ON 

- 

- 

50 

30 

IN 

- 

- 

- 

- 

RECTUM 
Organ  at  risk 

ON 

- 

- 

50 

30 

IN 

- 

- 

- 

- 

Table  III:  Dosimetric  indices  for  the  reference  and  3  boost  level  plans. 


Boost 

Level 

V50 

(cc) 

Bladder 

A  V50  (%) 
Boost  -  Ref 

V80 

(cc) 

V50 

(cc) 
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Figure  1,  Pouliot  et  al. 
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ABSTRACT 


Endorectal  coils  (ERCs)  are  used  for  acquiring  high  spatial  resolution  magnetic  resonance  (MR)  images  of 
the  human  prostate.  The  goal  of  this  study  is  to  determine  the  impact  of  an  expandable  versus  a  rigid  ERC 
on  changes  in  the  location  and  deformation  of  the  prostate  gland  and  subsequently  on  registering  prostate 
images  acquired  with  and  without  an  ERC.  Sagittal  and  axial  T2  weighted  MR  images  were  acquired  from 
25  patients  receiving  a  combined  MR  imaging  (MRI)  /MR  spectroscopic  imaging  (MRSI)  staging  exam  for 
prostate  cancer.  Within  the  same  exam,  images  were  acquired  using  an  external  pelvic  phased  array  coil  both 
alone  and  in  combination  with  either  an  expandable  ERC  (MedRad,  Pittsburgh,  PA)  or  a  rigid  ERC  (USA 
Instruments,  Aurora,  OH).  Rotations,  translations  and  deformations  caused  by  the  ERC  were  measured  and 
compared.  The  ability  to  register  images  acquired  with  and  without  the  ERC  using  a  manual  rigid-body 
registration  was  assessed  using  a  similarity  index  (SI).  Both  ERCs  caused  the  prostate  to  tilt  anteriorly  with 
an  average  tilt  of  18.5  degrees  (17.4  ±  9.9  and  19.5  ±  11.3  degrees,  mean  ±  standard  deviation,  for 
expandable  and  rigid  ERC,  respectively).  However,  the  expandable  coil  caused  a  significantly  larger 
distortion  of  the  prostate  as  compared  to  the  rigid  coil;  compressing  the  prostate  in  the  anterior/posterior 
direction  by  4.1  ±  3.0  mm  versus  1.2  ±  2.2  mm  (14.5%  versus  4.8%)  (p  <  0.0001),  and  widening  the  prostate 
in  the  right/left  direction  by  3.8  ±  3.7  mm  versus  1.5  ±  3.1  mm  (8.3%  versus  3.4%)  (p  =  0.004). 
Additionally,  the  ability  to  align  prostate  images  acquired  with  and  without  ERC  was  significantly  (p  < 
0.0001)  better  for  the  rigid  coil  (SI  =  0.899±  0.033  versus  0.940  ±  0.008,  for  the  expandable  and  rigid  coils, 
respectively).  In  conclusion,  the  manual  rigid-body  alignment  of  prostate  MR  images  acquired  with  and 
without  the  ERC  can  be  improved  through  the  use  of  a  rigid  ERC. 


I.  INTRODUCTION 

Recent  studies  have  demonstrated  that  the  detection  and  characterization  of  prostate  cancer  can  be 
improved  by  combining  the  anatomic  and  metabolic  information  provided  by  magnetic  resonance  imaging 
(MRI)  and  magnetic  resonance  spectroscopic  imaging  (MRSI)  *'8.  The  combined  prostate  MRI  and  MRSI 
exam  can  be  performed  in  less  than  an  hour  using  a  standard  clinical  1.5  Tesla  MRI  scanner  and 
commercially  available  coils,  and  MR  vendors  are  offering  or  are  close  to  releasing  product  versions  of  this 
exam.  An  expandable  endorectal  coil 9  (ERC)  integrated  into  a  pelvic  phased  array  coil  is  commonly  used 
for  signal  reception  in  the  MRI/MRSI  prostate  exam  due  to  the  improved  signal-to-noise  ratio  (SNR)  and 
better  spatial  resolution  MR  images  obtained  as  compared  to  using  pelvic  phased  array  coils  alone  3‘5.  The 
ERC  is  also  critical  for  the  acquisition  of  high  spatial  resolution  (~  0.3  cc)  MRSI  data  of  the  prostate  due  to 
the  approximate  10-fold  increase  in  SNR  over  the  prostate  provided  by  the  ERC  relative  to  external  phased 
array  coils  9.  Several  recent  studies  have  utilized  MRI/MRSI  data  to  identify  the  dominant  regions  of  cancer 
inside  the  prostate  for  improved  radiation  treatment  planning  1014.  In  particular,  we  used  MRI/MRSI  to 
escalate  dose  to  selected  regions  inside  the  prostate  without  compromising  the  dose  coverage  of  the  prostate 
and  the  protection  of  the  organs  at  risk  for  patients  treated  with  high  dose  rate  brachytherapy  12.  However, 
the  displacement  and  distortion  of  the  prostate  caused  by  the  ERC  used  in  staging  MRI/MRSI  exams  cause 
difficulties  with  alignment  of  the  MRI/MRSI  data  to  treatment  planning  CT  or  MRI  images  which  are 
typically  acquired  without  an  ERC  or  to  transrectal  ultrasound  planning  images  that  employ  an  endorectal 
probe  having  a  different  shape.  In  addition  to  the  commercially  available  expandable  ERC,  a  number  of  rigid 
ERCs  have  also  been  designed  and  used  for  imaging  and  spectroscopic  studies  of  the  prostate  6'8.  The  goal 
of  this  study  is  to  determine  the  impact  of  an  expandable  versus  a  rigid  ERC  on  changes  in  location  and 
deformation  of  the  prostate  gland  and  subsequently  on  registering  prostate  images  acquired  with  and  without 
these  ERCs. 


II.  METHODS  AND  MATERIALS 


1.  Patients  cohorts 

Twenty  biopsy  proven  prostate  cancer  patients  clinically  referred  for  a  combined  MRJ/MRSI  staging 
exam  between  January  and  July  of  2003  were  studied.  Five  additional  patients  were  enrolled  between  May 
and  June  of  2005  and  therefore  the  total  number  of  patients  for  this  study  was  25.  The  study  was  approved 
by  our  Committee  on  Human  Research  and  informed  consent  was  obtained  from  all  patients.  The  patients 
had  a  mean  Gleason  score  of  6.9  (6.6  for  the  rigid  ERC  patients  versus  7.4  for  the  expandable  ERC  patients) 
and  a  mean  age  of  66  for  each  ERC  group.  The  average  volumes  of  the  prostates  were  31.4  cc,  with  a  range 
from  15.1  to  47.7  cc  for  rigid  ERC  patients,  and  42.3  cc,  with  range  from  14.8  to  91.8  cc  for  expandable  ERC 
patients.  There  were  two  large  prostates,  at  63.5  cc  for  patient  Q  and  91 .8  cc  for  patient  R.  If  the  two  patients 
with  large  prostates  in  the  expandable  ERC  patient  group  are  excluded,  the  mean  prostate  volume  for  the 
remaining  8  patients  is  33.5  cc,  similar  to  the  rigid  ERC  patient  group. 

2.  MRI  protocol 

Combined  MRI/MRSI  was  obtained  using  either  a  rigid  ERC  (15  studies,  refered  to  as  A  to  O,  USA 
Instruments,  Aurora,  OH)  or  an  expandable  ERC  (10  studies,  refered  to  as  P  to  Y,  MedRad,  Pittsburgh)  in 
combination  with  an  external  phased  array  of  coils  on  a  1.5  Tesla  GE  system  (Signa,  GE  Medical  Systems, 
Milwaukee,  WI).  For  rigid  coil  cases,  the  USA  torso  phased  array  was  used,  while  the  GE  pelvic  phased 
array  was  used  for  the  expandable  coil  cases.  Initially,  no  particular  selection  process  was  used  to  assign 
subjects  to  a  coil  configuration.  During  the  course  of  this  study,  it  was  discovered  that  the  rigid  ERC  gave 
less  distortion  than  the  expandable  ERC  and  thus  the  rigid  ERC  became  the  coil  used  for  all  our  radiation 
treatment  planning  prostate  imaging  examinations.  Due  to  this  protocol  decision,  initially  only  5  subjects 
were  studied  with  the  expandable  ERC  whereas  an  additional  10,  totaling  15,  were  studied  with  the  rigid 
ERC.  To  improve  comparison  between  the  ERCs,  an  additional  5  subjects  were  studied  with  the  expandable 
ERC,  making  the  final  numbers  15  for  the  rigid  ERC  and  10  for  the  expandable  ERC. 

The  expandable  coils,  at  44  mm  right/left  (R/L)  by  79  mm  superior/inferior  (S/I),  were  larger  than  the 
rigid  coils  at  22.5  mm  R/L  by  65mm  S/I.  The  probes  themselves  also  differed  in  size  and  shape.  The 
expandable  ERC  had  a  circular  cross-section,  once  inflated,  with  a  48  mm  diameter.  The  rigid  probe  was  a 
half  ellipse,  with  the  anterior  surface  flat.  Its  R/L  extent  was  29  mm  and  its  anterior/posterior  (A/P)  extent 
was  16.5  mm.  The  S/I  length  of  the  expandable  ERC  probe  (86  mm)  was  also  longer  than  the  rigid  probe  (82 
mm). 

The  ERC  images  used  in  this  study  were  acquired  during  a  “PROSE”  MRI/MRSI  staging  exam  (GE 
Medical  Systems,  Milwaukee,  WI)  15.  The  details  of  the  MR  imaging  technique  have  been  previously 
described  12, 16'18.  In  brief,  patients  were  examined  in  the  supine  position,  using  the  body  coil  for  excitation 
and  a  combination  of  the  ERC  and  pelvic  phased  array  for  signal  reception.  Thin-section  high  spatial 
resolution  axial,  coronal  and  sagittal  T2  weighted  fast  spin-echo  images  of  the  prostate  and  seminal  vesicles 
were  obtained  using  the  following  parameters:  TR/effective  TE  =  5000/96  msec,  echo  train  length  =  16,  slice 
thickness  =  3  mm,  inter-slice  gap  =  0  mm,  field  of  view  (FOV)  =  14  cm,  matrix  256  x  192,  frequency 
direction  antero-posterior  (to  prevent  obscuration  of  the  prostate  by  ERC  motion  artifact),  and  3  excitations. 
The  ERC  was  removed  at  the  end  of  the  staging  MRI/MRSI  exam  with  the  subject  remaining  on  the  imaging 
table.  Additional  sagittal  and  axial  fast  spin  echo  T2  weighted  images  were  acquired  without  the  ERC  using 
the  phased  array  coil  alone  for  signal  reception.  As  with  the  ERC,  patients  were  scanned  in  the  supine 
position.  All  imaging  acquisition  parameters  were  the  same  as  for  the  ERC  images  except  for  increasing  the 
FOV  to  16  cm  in  order  to  compensate  for  the  reduction  in  SNR  obtained  without  the  use  of  an  ERC. 

3.  ERC  induced  changes  in  prostate  location  and  shape 

To  assess  the  effect  of  the  ERCs  on  the  location  and  shape  of  the  prostate,  R/L,  A/P,  and  S/I  lengths  and 
positions  of  the  prostate  were  measured.  Measurements  were  obtained  on  the  MR  images  acquired  with  and 
without  an  ERC.  The  user  modified  the  image  intensity  (window/level)  settings  to  best  depict  the  anatomy  in 


question.  Such  settings  were  not  consistent  within  or  across  subjects  due  to  the  differences  in  signal  of  the 
images  obtained  with  an  ERC  versus  without  and  due  to  inter-patient  variability.  Prior  to  two-dimensional 
(2-D)  image  registration,  the  MR  images  acquired  with  and  without  the  presence  of  ERCs  were  rotated  to 
align  the  data  into  the  same  plane,  approximately  perpendicular  to  the  long  (superior-inferior)  axis  of  the 
prostate.  The  amount  of  rotation  was  determined  by  the  difference  between  the  series  angle  and  the  prostate 
angle.  The  prostate  angle  was  defined  as  the  angle  (_)  between  the  line  perpendicular  to  the  axis  of  magnet 
bore  and  the  long  axis  (S/I  direction)  of  the  prostate.  The  axial  T2  weighted  prostate  images  in  this  study 
were  often  acquired  obliquely  in  the  S/I  dimension  in  order  to  obtain  true  axial  images  through  the  prostate, 
and  needed  to  be  accounted  for  when  calculating  the  prostate  angle.  This  oblique  angle  was  referred  to  as  the 
series  angle  and  was  obtained  from  the  series  image  header.  The  prostate  angle  was  determined  using  T2 
weighted  sagittal  MR  images  taken  at  the  middle  of  the  prostate  (Fig.  1).  Three  approaches  (I,  II  and  III) 
were  used  to  draw  a  line  along  the  superior-inferior  direction  of  the  prostate  in  order  to  define  a  long  axis  (S/I 
direction)  of  the  prostate,  and  thus,  the  prostate  angle.  Three  approaches  were  necessary  due  to  the  inability 
to  clearly  visualize  the  anterior  and  posterior  surfaces  of  the  prostate,  the  surgical  pseudo-capsule  and/or 
when  there  were  dramatic  changes  in  the  A/P  width  of  the  prostate  between  the  ERC  in  and  ERC  out 
acquisitions. 

The  three  approaches  use  different  methods  to  determine  the  long  axis  of  the  prostate.  The  angle 
between  this  line  and  the  line  perpendicular  to  the  axis  of  magnet  bore  is  then  calculated  as  the  prostate 
angle.  Approach  I  worked  for  17  out  of  the  25  studies  (12  out  of  15  for  rigid  ERCs  and  5  out  of  10  for 
expandable  ERCs).  In  this  approach,  the  long  axis  of  the  prostate  was  simply  calculated  based  on  drawing 
straight  lines  along  the  posterior  and  anterior  surfaces  of  the  prostate  and  determining  the  bisector  of  these 
lines  (i.  e.  the  average  of  the  two  angles)  (Fig.  1(a)  and  1(b)).  Approach  II  was  used  for  6  studies  (patients  E, 
N,  O  for  rigid  ERCs  and  Q,  R,  U  for  expandable  ERCs).  In  these  cases,  there  was  a  greater  than  10% 
increase  in  the  A/P  dimension  of  the  prostate  causing  a  large  difference  in  the  prostate  angle  determined 
using  lines  drawn  along  the  posterior  and  anterior  surfaces  of  the  prostate.  However,  in  these  cases,  the 
surgical  pseudo  capsule  which  separates  the  central  gland  from  the  peripheral  zone  was  well  visualized  and  a 
line  drawn  along  the  surgical  pseudo  capsule  could  be  used  to  define  the  long  axis  of  the  prostate  (Fig.  (lc)). 
In  the  remaining  two  cases  (patient  P  and  T  for  expandable  ERC),  there  was  a  more  than  10%  increase  in  the 
A/P  dimension  and  the  surgical  pseudo  capsule  was  not  well  visualized.  In  these  cases  (Approach  III),  the 
long  axis  of  the  prostate  was  calculated  based  on  the  average  of  the  angle  formed  by  the  bisector  of  the 
anterior  and  posterior  lines  and  the  angle  determined  by  the  posterior  line  (Fig.  1  (d)).  In  each  patient,  the 
same  approach  was  always  taken  for  the  case  with  an  ERC  and  the  case  without  an  ERC.  It  is  recognized  that 
the  three  approaches  may  determine  a  different  absolute  angle,  as  they  are  based  on  different  anatomical 
landmarks.  However,  the  intent  was  to  determine  a  procedure  to  consistently  calculate  the  difference  in 
rotation  of  the  prostate  when  imaged  with  an  ERC  versus  without  an  ERC.  To  evaluate  the  effect  of  the 
different  approaches,  all  three  approaches  were  performed  in  the  patients  for  whom  Approach  I  was  possible. 

In  order  to  assess  the  change  in  position  and  shape  of  the  prostate  caused  by  the  expandable  and  rigid 
ERCs,  rotation  in  the  sagittal  plane  (Rotsag),  and  translations  (Tr/l,  Ta/p,  TS/i),  and  deformations  (Dr/L,  DA/p, 
Ds/i)  along  the  R/L,  A/P  and  S/I  dimensions  were  determined.  Rotations  of  the  prostate  in  coronal  and  axial 
planes  (Rotcor,  RotAxj)  were  visually  negligible.  Changes  in  the  prostate  angle  on  ERC-in  versus  ERC-out 
cases  were  calculated  and  statistically  compared  for  the  ERCs  (rigid  and  expandable)  using  a  non-parametric 
test,  Wilcoxon  matched-pairs  signed-rank  test,  and  were  subsequently  used  to  rotate  the  prostate  during 
image  alignment. 

The  translations  in  the  R/L  and  A/P  dimensions  (Tr/l,  Ta/p)  were  measured  in  the  axial  plane  since  image 
registration  between  studies  was  performed  in  the  axial  plane.  The  translation  in  the  S/I  dimension  (Ts/i)  was 
determined  by  selecting  a  ERC-in  axial  MR  image  showing  the  same  anatomy  (ejaculatory  ducts,  urethra, 
benign  prostatic  hyperplasia  nodules)  as  a  ERC-out  axial  MR  image. 

Deformation  of  the  prostate  in  the  R/L  and  A/P  dimensions  (Dr/l,  DA/p)  were  determined  by  manually 
measuring  the  maximum  R/L  and  A/P  distances  of  the  prostate  between  axial  images  acquired  with  and 
without  the  ERC.  Two  lateral  location  points  of  the  prostate  were  visually  selected  to  measure  the  maximum 
extent  of  the  prostate  in  the  approximate  R/L  and  A/P  dimensions.  Hence,  sometimes,  the  R/L  and  A/P 


measures  were  not  perfectly  perpendicular,  as  in  Fig.  3(c)  and  3(d).  The  deformation  of  the  prostate  in  the 
S/I  dimension  (DS/i)  was  measured  using  the  total  number  of  axial  images  containing  the  prostate  acquired 
with  and  without  the  ERC.  Since  deformation  visually  changed  along  the  length  of  the  prostate,  separate 
deformation  measurements  were  made  using  axial  images  taken  from  the  prostatic  base,  midgland  and  apex. 

4.  Image  registration 

The  ability  to  register  images  acquired  with  and  without  the  ERC  was  determined  using  a  manual 
rigid-body  registration  and  assessed  using  a  similarity  index  (SI)  l9‘20.  Two  independent  observers  did  the 
contouring  and  registration  process  for  all  patients  to  assess  inter-observer  differences  on  the  calculated  SI. 
To  accomplish  this,  the  contour  of  the  prostate  was  manually  drawn  on  each  contiguous  2-D  axial  MR  image 
forming  a  3-D  volume  that  was  aligned  between  images  acquired  with  and  without  the  ERC.  Prior  to 
contouring  the  prostate,  the  contiguous  2-D  MR  images  were  stacked  together  to  form  a  3-D  volume,  and  the 
volume  was  rotated  in  the  sagittal  plane  by  the  difference  in  prostate  angle  after  accounting  for  the  series 
angle  (  Rotsag  =  (MRI  series  angle  -  prostate  angle)  ERC-in  -  (MRI  series  angle  -  prostate  angle)  ERC-out  )• 
Subsequently,  the  resolution  (mm/pixel)  of  the  ERC-in  MR  images  was  changed  to  equal  that  of  the  ERC-out 
MR  images  and  the  ERC  in  and  ERC  out  images  were  visually  aligned  in  the  S/I  dimension  based  on  the 
anatomy  of  the  prostate.  Finally,  contours  were  manually  drawn  on  the  2-D  images  outlining  the  prostate, 
and  the  contoured  ERC-in  volume  was  translated  in  the  R/L  and  A/P  directions,  based  on  the  mean  value  of 
the  R/L  and  A/P  coordinates  of  the  contoured  ERC-out  volume. 

The  exactness  of  image  registration  between  ERC  in  and  ERC  out  contoured  volumes  was  evaluated 
using  a  SI  value.  The  SI  value  (ranging  from  0  to  1)  was  defined  as  the  ratio  of  twice  the  common  area  (A 
ft  B)  to  the  sum  of  the  individual  areas  (A  +  B).  For  example,  if  the  contoured  volumes  were  perfectly 
matched,  the  SI  value  would  be  1,  whereas  no  overlap  would  result  in  a  SI  value  of  0. 

£I_  2{ADB}_  2c 
A  +  B  a  +  b  +  2c 

Where  ‘A’  and  ‘B’  are  the  two  contoured  volumes,  ‘a’  is  the  area  belonging  to  only  contour  volume 
‘A’,  ‘b’  is  the  area  occupied  by  only  contoured  volume  ‘B’,  and  ‘c’  is  the  overlapping  region  between 
volumes  ‘A’  and  ‘B’. 

III.  RESULTS 

1.  Impact  of  ERC  on  prostate  location 

There  were  17  cases  in  which  the  increase  in  A/P  dimension  was  less  than  10%,  and  thus,  Approach  I  for 
determining  the  prostate  angle  could  be  applied.  All  three  approaches  described  in  Section  II. 3  were 
performed  in  these  subjects  and  summarized  in  Table  II.  As  described  in  the  methods,  these  approaches 
measure  the  prostate  angle  differently  and  thus,  determine  different  angles.  For  a  prostate,  the  prostate  angle 
is  significantly  different  depending  on  which  approach  was  employed  (p  <  0.0001  by  Friedman  test, 
nonparametric  repeated  measures  ANOVA)  and,  in  general,  the  largest  angle  is  measured  by  approach  I,  the 
second  by  approach  III  (6.4  ±  3.6  degrees  less  than  Approach  I),  and  the  smallest  by  approach  II  (13.2  ±  8.0 
degrees  less  than  Approach  I).  The  prostate  angles  determined  for  each  subject  were  used  to  rotate  the  ERC 
in  and  ERC  out  image  data  into  the  same  plane.  For  this,  the  difference  in  angle  between  ERC-in  and  ERC- 
out  studies  is  of  primary  relevance  and  was  not  significantly  different  for  the  three  approaches  (p  =  0.1 134  by 
Friedman  test).  The  mean  ±  standard  deviation  value  of  the  angle  difference  were  20.0±1 1.4,  19.7±9.8  and 
21.8±1 1.3  for  Approaches  I,  II  and  III,  respectively. 

Figure  2  summarizes  the  changes  in  prostate  angle  between  ERC-in  and  ERC-out  studies  for  the  25 
patient  studies  (15  rigid  coil  studies,  and  10  expandable  coil  studies).  As  observed  in  Figure  2,  both  ERCs 
(Fig.  2(a)  -  rigid  coil,  Fig.  2(b)  -  expandable  coil)  caused  the  superior  portion  of  the  prostate  to  tilt  anteriorly 


with  an  average  angle  of  18.5  degrees.  Specifically,  the  mean  angle  change  between  ERC-in  and  ERC-out 
was  19.5  degrees  for  the  rigid  coil,  and  17.4  degrees  for  the  expandable  coil. 

2.  Impact  of  ERC  on  prostate  deformation 

As  can  be  seen  in  comparing  Fig.  1(a)  with  Fig.  1(b),  the  presence  of  the  rigid  ERC  did  not  affect  the  S/I 
length  of  prostate  as  compared  to  the  images  acquired  without  the  ERC.  Quantitatively,  the  difference  in  the 
S/I  length  of  the  prostate  measured  between  images  acquired  with  and  without  either  ERC  was  always  less 
than  the  thickness  of  an  axial  MR  image  (3  mm). 

Figure  3  shows  representative  axial  MR  images  taken  from  the  midgland  of  two  patients  acquired  with 
(a)  and  without  (b)  the  expandable  ERC  and  with  (c)  and  without  (d)  the  rigid  ERC,  respectively.  Visually,  it 
is  apparent  from  Fig.  3  that  the  expandable  ERC  distorted  the  prostate  to  a  greater  degree  in  both  the  R/L  and 
A/P  dimensions  as  compared  to  the  rigid  ERC.  Quantitatively,  the  prostate  was  0.51  cm  (12.8%)  larger  in 
the  R/L  dimension  when  using  the  expandable  coil  (4.50  versus  3.99  cm)  and  only  0.12  cm  (3%)  larger  when 
using  the  rigid  coil  (4.19  versus  4.07  cm).  In  the  A/P  dimension,  the  prostate  was  compressed  by  0.23  cm 
(7.5%)  for  the  expandable  coil  (2.84  versus  3.07  cm),  while  it  was  negligibly  different  for  the  rigid  coil,  0.05 
cm  (2%)  (2.51  versus  2.56  cm). 

Figure  4  graphically  summarizes  the  A/P  (a)  and  R/L  (b)  distortions  for  the  rigid  (squares)  and 
expandable  (circles)  ERCs  at  the  base,  midgland  and  apex  of  the  prostate,  with  the  numerical  values  reported 
in  Table  I.  Similar  to  the  representative  cases  shown  in  Fig.  3,  on  average  the  expandable  coil  caused  a 
significantly  larger  distortion  of  the  prostate  as  compared  to  the  rigid  coil;  compressing  the  prostate  in  the 
A/P  direction  by  4.1  ±  3.0  mm  (mean  ±  standard  deviation)  versus  1.2  ±  2.2  mm  (14.5%  versus  4.8%)  (p  < 
0.0001),  and  widening  the  prostate  in  the  R/L  direction  by  3.8  ±  3.7  mm  versus  1.5  ±  3.1  mm  (8.3%  versus 
3.4%)  (p  =  0.004).  Additionally,  the  expandable  coil  consistently  caused  larger  distortions  along  the  S/I 
length  of  the  prostate  (base,  midgland  and  apex  of  gland)  as  compared  to  the  rigid  coil,  with  the  distortions 
being  significantly  larger  (P  <  0.05)  at  all  locations  except  for  the  A/P  dimension  at  the  midgland  and  the  R/L 
dimension  at  the  base  and  apex  of  prostate  due  to  the  large  variability  of  theses  measurements  (Fig.  4(a)  and 
4(b)).  There  was  no  significant  difference  in  the  degree  of  deformation  with  location  (apex,  midgland  and 
base)  for  either  ERC. 

3.  Registration  of  images  acquired  with  and  without  ERC 

Figure  5  shows  representative  cases  (at  the  base,  midgland  and  apex  of  prostate)  of  the  quality  of 
image  registration  attained  after  rotations  and  translations  for  a  rigid  coil  case  (Fig.  5(a))  and  an  expandable 
coil  case  (Fig.  5(b)).  It  is  visually  clear  that  the  registration  of  images  acquired  with  and  without  the 
expandable  coil  (Fig.  5(b))  is  not  as  good  as  the  registration  of  images  with  and  without  the  rigid  coil  (Fig. 
5(a))  due  to  the  larger  A/P  and  R/L  distortions  caused  by  the  expandable  coil.  Figure  6  graphically 
demonstrates  the  improvement  in  the  similarity  index  attained  using  the  rigid  coil.  Quantitatively,  the  ability 
to  align  prostate  images  acquired  with  and  without  ERC  was  significantly  (p  <  0.0001)  better  for  the  rigid 
coil  (SI  =  0.941  ±  0.008,  range  from  0.925  to  0.952)  than  for  the  expandable  coil  (SI  =  0.899  ±  0.033,  range 
from  0.812  to  0.928).  In  addition,  the  average  difference  of  SI  values  calculated  by  two  different  observers  is 
0.0059  with  maximum  difference  of  0.01972.  There  was  no  significant  difference  between  the  two  observers 
(p-value  is  0.3525  using  Wilcoxon  matched-pairs  signed-ranks  test)  in  obtaining  SI  values  using  rigid  image 
registration  between  ERC-in  and  ERC-out  MR  images.  However,  each  prostate  contour  for  a  prostate  is 
different  to  a  certain  extent  depending  on  each  observer. 

IV.  DISCUSSION  AND  CONCLUSION 

Recently,  there  have  been  a  number  of  published  approaches  20-30  for  the  alignment  of  high  spatial 
resolution  prostate  MRI  and  in  some  cases  MRSI  data  acquired  using  an  ERC  with  ultrasound,  CT  or  MR 
radiation  treatment  planning  images  acquired  without  the  use  of  the  ERC  or  with  a  differently  shaped 
transrectal  ultrasound  probe.  A  majority  of  these  studies  utilized  a  commercially  available  expandable  ERC 
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for  MR  acquisition  ’  "  .  However,  at  least  two  studies  '  employed  a  rigid  ERC  for  the  acquisition  of  the 
MRI/MRSI  data.  In  this  study  we  demonstrate  that  while  both  types  of  ERCs  similarly  displace  the  prostate, 
the  use  of  a  rigid  coil  significantly  reduces  the  deformation  of  the  prostate,  allowing  for  more  accurate  image 
registration  using  a  manual  rigid-body  approach. 

Specifically,  we  found  that  both  rigid  and  expandable  ERCs  caused  the  prostate  to  tilt  anteriorly  with  an 
average  of  18.5  degrees  in  the  sagittal  plane.  This  rotation  changed  the  position  of  the  prostate  relative  to  the 
surrounding  anatomy  (pubic  symphysis,  ischial  bone,  rectum,  bladder  and  so  forth),  making  the  use  of 
external  anatomy  inaccurate  for  the  registration  of  the  ERC  prostate  images  to  treatment  planning  images. 
Therefore  the  approach  taken  was  to  use  the  prostate  itself  for  registration  of  the  imaging  data.  However, 
prior  to  registering  the  ERC  images  to  the  treatment  planning  images,  the  ERC  images  needed  to  be 
corrected  for  the  anterior  tilt  of  the  prostate. 

Neither  ERC  caused  a  significant  change  in  the  S/I  length  of  the  prostate.  Hirose  et  al.  31  also 
observed  a  negligible  deformation  (median  of  1.5  mm)  in  the  S/I  dimension  between  pre-operative  and 
intraoperative  MR  prostate  images.  However,  in  this  study  the  expandable  ERC  caused  both  a  3.5-fold  larger 
compression  of  the  prostate  in  the  A/P  direction,  and  a  2.5-fold  larger  widening  of  the  prostate  in  the  R/L 
direction  as  compared  to  the  rigid  ERC.  In  the  study  by  Hirose  et  al. 31,  the  expandable  ERC  caused  a  mean 
decrease  of  4.9  mm  in  the  A/P  dimension  and  4.5  mm  widening  in  R/L  dimension  that  were  close  to  the 
values  reported  in  this  study  (4.1  mm  and  3.8  mm).  A  possible  explanation  for  the  small  difference  in  gland 
distortion  between  the  two  studies  was  that  the  non-ERC  images  in  the  Hirose  et  al.  study 31  were  acquired 
with  a  rectal  obturator  typically  used  during  brachytherapy  to  fix  the  prostate.  For  both  ERCs  there  was  no 
significant  difference  in  the  degree  of  deformation  with  S/I  location  of  prostate  (apex,  midgland  and  base). 

The  larger  distortion  of  the  prostate  induced  by  the  expandable  ERC  resulted  in  poorer  rigid  image 
registration  as  reflected  by  a  significantly  reduced  similarity  index  (0.899  ±  0.033)  than  that  obtained  for  the 
rigid  coil  (0.94  ±  0.008).  Although  the  registration  performed  in  this  study  involved  only  manual  rotations 
and  translations  without  any  correction  for  deformation,  the  mean  SI  value  obtained  for  the  rigid  ERC  (0.94, 
95%  confidence  interval  (Cl):  0.937  -  0.946)  was  identical  to  a  prior  study  involving  3-D  image  registration 
using  biomechanical  finite  element  model  for  the  registration  of  expandable  ERC  in  and  ERC  out  images 
(0.94,  95%  Cl:  0.89-0.99)  20.  However,  that  study  involved  subjects  scanned  in  two  different  positions, 
supine  and  lithotomy,  which  may  have  also  contributed  to  gland  distortion  and  poorer  image  registration. 
Since  the  major  deformation  of  the  prostate  was  observed  in  the  axial  plane,  it  is  likely  that  performing  a 
rigid  rotation  prior  to  a  2-D  deformable  alignment  such  as  B-spline  or  finite  element  method  ’  ’  would 
likely  further  improve  registration  of  rigid  ERC  images. 

The  larger  distortion  of  the  prostate  induced  by  the  expandable  ERC  resulted  in  poorer  rigid  image 
registration  as  reflected  by  a  significantly  reduced  similarity  index  (0.899  ±  0.033)  than  that  obtained  for  the 
rigid  coil  (0.94  ±  0.008).  Although  the  registration  performed  in  this  study  involved  only  manual  rotations 
and  translations  without  any  correction  for  deformation,  the  mean  SI  value  obtained  for  the  rigid  ERC  (0.94, 
95%  confidence  interval  (Cl):  0.937  -  0.946)  was  identical  to  a  prior  study  involving  3-D  image  registration 
using  biomechanical  finite  element  model  for  the  registration  of  expandable  ERC  in  and  ERC  out  images 
(0.94,  95%  Cl:  0.89-0.99)  20.  However,  that  study  involved  subjects  scanned  in  two  different  positions, 
supine  and  lithotomy,  which  may  have  also  contributed  to  gland  distortion  and  poorer  image  registration. 

In  the  current  study,  there  was  deformation  of  the  prostate,  primarily  in  the  axial  plane.  Thus,  a  method 
to  improve  upon  our  current  rigid  image  registration  might  be  to  first  perform  a  rigid  body  rotation  as  we 
have  done,  but  then  apply  a  2D  deformable  alignment  such  as  B-spline  or  finite  element  method  ’  ’  in 
the  axial  plane.  Further  improvements  might  be  obtained  with  a  3D  deformable  technique  such  as  in 
Bharatha  et  al.20  Such  approaches  will  need  to  be  investigated  further  and  compared  to  evaluate  the  benefits 
and  drawbacks  of  the  individual  methods  for  this  population. 

One  concern  of  the  current  study  is  that  two  of  the  expandable  ERC  subjects  had  unusually  large 
prostates  (63.5  cc  and  91.8  cc  versus  the  remaining  mean  =  33.5  cc).  Calculating  expandable  ERC 
distortions  and  the  SI  from  image  registration  with  or  without  these  cases  did  not  have  a  significant  effect  on 
the  results.  Without  these  two  subjects,  the  R/L  expansion  of  the  prostate  remained  the  same,  at  8.3%,  and 


the  A/P  compression  was  slightly  and  insignificantly  less,  at  12.6%  ±  2.3  (versus  14.5%  ±  2.4  with  all 
expandable  ERC  subjects).  These  distortions  were  still  significantly  larger  than  those  with  the  rigid  ERC. 
When  removing  the  large  prostate  cases,  the  mean  SI  value  for  the  expandable  ERCs  remained  at  0.897, 
indicating  the  negligible  effect  of  the  prostate  size  on  rigid  image  registration,  at  least  for  these  two  large 
prostate  cases. 

The  current  study  has  several  limitations  due  to  the  manual  nature  of  the  registration  procedures  used, 
including:  (1)  the  definition  of  the  prostate  angle  is  sensitive  to  the  experience  of  the  reader,  (2)  the 
contouring  of  the  prostate  gland  from  images  acquired  without  an  ERC  had  an  intrinsic  uncertainty  due  to 
poorer  image  quality,  and  (3)  the  contouring  of  the  prostate  from  2-D  images  acquired  with  and  without  an 
ERC  suffers  from  the  fact  that  the  image  slices  are  not  at  the  exact  same  anatomical  locations  within  the 
prostate. 

In  conclusion,  both  rigid  and  expandable  ERC  caused  a  significant  anterior  tilt  of  the  superior  aspect  of 
the  prostate  in  the  sagittal  plane  and  it  is  important  to  correct  for  this  rotation  when  registering  images 
acquired  with  and  without  an  ERC.  The  rigid  ERC  induced  significantly  less  deformation  of  the  prostate  in 
the  R/L  and  A/P  dimensions  than  the  expandable  ERC  leading  to  better  rigid  image  registration  of  images 
acquired  with  and  without  an  ERC. 
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Table  I.  The  mean  ±  standard  deviation  A/P  (A)  and  R/L  (B)  distortions  for  the  ERCs  at  the  base,  midgland 
and  apex  of  the  prostate.  Significance  between  the  ERC’s  is  listed,  based  on  Mann-Whitney  rank-sum  test. 


(A)  A/P  distance  decrease  between  ERC-in  versus  ERC-out  studies  (unit  is  mm) 


S/I  Region  of 
Prostate 

Type  of  ERC 

Mean 

(relative  change) 

Standard 

Deviation 

Base 

15  Rigid  cases 

1.60  (4.9%) 

2.22 

(p  =  0.01 15) 

10  Expandable  cases 

4.1  (13.2%) 

2.17 

Mid 

15  Rigid  cases 

1.17(3.7%) 

2.73 

(p  =  0.0593) 

10  Expandable  cases 

3.82(13.0%) 

3.22 

Apex 

15  Rigid  cases 

0.81  (3.1%) 

1.77 

(p  =  0.0163) 

10  Expandable  cases 

4.36(17.2%) 

3.58 

(B)  R/L  distance  increase  between  ERC-in  versus  ERC-out  studies  (unit  is  mm) 


S/I  Region  of 
Prostate 

Type  of  ERC 

Mean 

(relative  change) 

Standard 

Deviation 

Base 

1 5  Rigid  cases 

1.45  (4.2%) 

3.39 

(p  =  0.0709) 

10  Expandable  cases 

3.76  (7.7%) 

3.74 

Mid 

15  Rigid  cases 

1.61  (4.3%) 

3.29 

(p  =  0.023) 

10  Expandable  cases 

3.94  (8.3%) 

2.73 

Apex 

15  Rigid  cases 

1.42  (4.2%) 

2.73 

(p  =  0.2852) 

10  Expandable  cases 

3.55  (9.0%) 

4.66 

Table  II.  Comparison  of  long  axes  of  the  prostate  measured  by  three  different  approaches  (approach  I,  II, 
and  III  mentioned  in  Section  II.3)  for  17  patients.  Unit  is  degrees. 


Approach  (ERC-in) 

Approach  (ERC-out) 

Angle  Difference 
(ERC-in)  -  (ERC-out) 

I 

II 

III 

I 

II 

III 

I 

II 

III 

Mean 

106.3 

93.2 

100.8 

86.3 

73.5 

79.0 

20.0 

19.7 

21.8 

SD 

11 9.9 

7.9 

10.1 

17.9 

13.8 

17.1 

11.4 

9.8 

11.3 

Median 

106.1 

93.7 

101.8 

86.6 

71.3 

79.6 

17.7 

18.8 

20.6 

Minimum 

86.3 

77.8 

75.7 

51.5 

44.9 

47.7 

1.8 

4.1 

0.7 

Maximum 

129.9 

104.8 

121.7 

128.1 

99.0 

121.0 

42.9 

42.5 

45.1 

95%  **CI  (From) 

101.2 

89.2 

95.6 

77.1 

66.4 

70.2 

14.1 

14.6 

16.0 

95%  **CI  (To) 

111.4 

97.3 

106.0 

95.6 

80.7 

87.8 

25.8 

24.7 

27.6 

- ■  - +  + 

SD:  Standard  Deviation,  Cl:  Confidence  Interval 


Figure  Captions 


Figure  1 .  T2  weighted  sagittal  MR  images  illustrating  the  three  approaches  used  to  determine  the  prostate 
angle:  Approach  I  was  used  for  (a)  and  (b),  approach  II  for  (c),  and  approach  III  for  (d).  The 
anterior/posterior  (A/P)  distance  (dashed  line  in  the  A/P  direction)  was  2.96,  3.22,  3.45  and  2.71  cm  for  (a), 
(b),  (c)  and  (d),  respectively.  The  prostate  angle  (_,  curved  dashed  arrow)  was  measured  counterclockwise 
between  the  prostate  S/I  axis  (PA)  and  the  line  perpendicular  to  the  axis  of  magnet  bore  (expressed  with  a  dot 
straight  arrow).  The  prostate  angle  was  106.1,  90.2,  91.5  and  114.5  degrees,  for  (a),  (b),  (c)  and  (d), 
respectively.  In  figures  (a),  (b),  (d),  the  straight  line  along  the  anterior  and  posterior  surface  of  the  prostate  is 
defined  as  AL  and  PL,  respectively.  In  figure  (c),  CG  and  PZ  stand  for  central  gland  and  peripheral  zone  of 
the  prostate.  In  figure  (d),  BL  means  the  bisector  line  between  AL  and  PL. 

Figure  2.  Summary  of  the  changes  in  prostate  angle  between  ERC-in  and  ERC-out  studies  for  the  (a)  15  rigid 
ERC  studies  (A  to  O)  and  (b)  10  expandable  ERC  studies  (P  to  Y). 

Figure  3.  Representative  axial  MR  images  taken  from  the  midgland  of  two  patients  acquired  with  (a)  and 
without  (b)  the  expandable  ERC  and  with  (c)  and  without  (d)  the  rigid  ERC,  respectively.  The  R/L  distance 
is  4.50,  3.99,  4.07  and  4.19  cm  for  (a),  (b),  (c)  and  (d),  respectively.  The  A/P  distance  is  2.84,  3.07,  2.51  and 
2.56  cm  for  (a),  (b),  (c)  and  (d),  respectively. 

Figure  4.  Graphical  summary  of  the  A/P  (a)  and  R/L  (b)  distortions  for  the  rigid  (squares)  and  expandable 
(circles)  ERCs  at  the  base,  midgland  and  apex  of  the  prostate.  Error  bar  graphs  show  mean  ±  standard 
deviations. 

Figure  5.  Representative  cases  demonstrating  the  quality  of  image  registration  attained  after  rotations  and 
translation  for  a  rigid  coil  case  (Fig.  5(a))  and  an  expandable  coil  case  (Fig.  5(b)).  Gray  regions  are  the 
prostate  contours  from  axial  MR  images  acquired  without  ERC  and  white  line  contours  are  the  prostate 
contours  from  axial  MR  images  acquired  with  ERC.  Three  axial  MR  slices  were  obtained  at  the  base  ((al), 
(bl)),  midgland  ((a2),  (b2))  and  apex  ((a3),  (b3))  of  prostate.  The  SI  values  are  0.952  (a)  and  0.905  (b). 

Figure  6.  Comparison  of  the  rigid  image  registration  between  rigid  and  expandable  ERC  using  similarity 
index  (SI).  Each  parallel  bar  in  the  box  graph  represents  minimum,  25,  50,  75  percentiles  and  maximum 
values  in  order  and  the  dot  inside  the  box  is  the  mean  value. 
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Figure  1.  Kim  et  al.,  Impact  of  endorectal  coils  on  prostate  distortion 
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Figure  2.  Kim  et  al.,  Impact  of  endorectal  coils  on  prostate  distortion 
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Figure  4.  Kim  et  al.,  Impact  of  endorectal  coils  on  prostate  distortion 


Figure  5  Kim  et  ah,  Impact  of  endorectal  coils  on  prostate  distortion 
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Analysis  of  Prostate  Deformation  Due  to  Different  MRI/MRS  Endorectal  Coils  for  Image  Fusion  and 
Brachytherapy  Treatment  Planning 

Y  Kim,  S  Noworolski,  J  Pouliot,  I  Hsu,  J  Kurhanewicz 
University  of  California  San  Francisco,  San  Francisco,  CA 

Combined  anatomic  (MRI)  and  metabolic  (MRSI)  imaging  is  used  to  define  the  validated  cancer  lesion 
within  the  prostate  for  the  dose  escalation  purpose.  For  the  acquisition  of  high  spatial  resolution  (~  0.3  mm) 
spectroscopic  imaging  (MRSI)  data,  an  endorectal  coil  (ERC)  is  mandatory.  However,  its  presence  causes 
distortions  of  the  prostate  and  of  the  surrounding  organs,  making  it  difficult  to  use  MRI/MRSI  data  directly 
for  CT  or  MRI  planning.  In  this  study,  the  extent  of  the  deformation  of  the  prostate  produced  by  the  balloon 
ERC  (five  patients)  versus  the  rigid  ERC  (fifteen  patients)  was  measured  to  select  which  ERC  should  be  used 
for  the  fusion  of  MRI/MRSI  data  with  planning  CT  or  MRI  in  high  dose  rate  brachytherapy.  ERC  forces  the 
prostate  to  tilt  anteriorly  with  an  average  of 

19.4  degree  on  sagittal  view  (19.5  and  19.2  degree  for  rigid  and  balloon  ERC,  respectively).  The  ERC 
compress  the  prostate  in  the  antero-posterior  (AP)  direction  with  an  average  of  1.2  and  4.7  mm  for  rigid  and 
balloon  ERC,  respectively.  In  the  lateral  direction,  the  prostate  is  widened  with  an  average  of  1.5  and  6.1  mm 
due  to  rigid  and  balloon  ERC,  correspondingly.  In  conclusion,  the  rigid  ERC  creates  less  deformation.  The 
rigid  ERC  MR  images  can  be  aligned  to  MR  images  (no  ERC)  by  manually  rotating  and  translating  the  ERC 
MR  images  with  a  precision  of  2  mm  in  the  AP  and  lateral  direction. 

This  abstract  is  presented  at  46th  Annual  Meeting  of  American  Association  of  Physicists  in  Medicine 
(AAPM),  Pittsburgh,  PA  on  July  25  -  29,  2004. 

Kim  Y.  Noworolski  S,  Pouliot  J,  Hsu  IC  and  Kurhanewicz  J.  Analysis  of  prostate  deformation  due  to 
different  MRI/MRS  endorectal  coils  for  image  fusion  and  brachytherapy  treatment  planning.  Med.  Phys. 
31(6),  1728(2005) 
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Dose  constraints  in  inverse  planning  HDR  prostate  braehytherapy  for  the  dose  escalation  of  DIL 
defined  by  MR  spectroscopy  imaging 

Yongbok  Kim,  Ph.D.,  1 1-Chow  J Hsu,  M.D.,  1  Etienne  Lessard,  Ph.D.,  1  John  Kurhanewicz ,  Ph.D.,2  Susan 
Moyher  Noworolski.  Ph.D.,2  Jean  Pouliot,  Ph.D.  1 

1  Radiation  Oncology,  University  of  California,  San  Francisco,  San  Francisco,  CA; 

2Radiology,  University  of  California,  San  Francisco,  San  Francisco,  CA. 

Purpose:  To  obtain  the  dose  constraint  set  (class  solution)  for  the  boost  of  dominant  intraprostatic  lesions 
(DILs)  defined  by  MR  spectroscopy  imaging  (MRS1)  in  HDR  braehytherapy  of  the  prostate  cancer  and  the 
maximum  achievable  boost  level  under  RTOG0321  dosimetric  requirement. 

Methods  and  Materials:  For  10  patients  (A  to  J),  DILs  were  manually  contoured  on  HDR  planning  CT/MR 
images  based  on  combined  MRI/MRSI.  A  lesion  containing  at  least  3  contiguous  MRSI  validated  cancer 
voxels  was  called  DIL.  The  class  solution  of  dose  constraints,  acceptable  dose  range  and  penalty  values,  were 
obtained  from  our  previous  clinical  experience  on  inverse  planning  technique  (IPSA).  For  each  patient,  six 
plans  (a  without-boost  and  5  different  levels  of  dose  escalation  to  the  DILs  requesting  a  minimum  of  110, 
120, 130,  140  and  150%  of  the  prescribed  dose,  respectively)  were  generated  using  IPSA.  Dosimetric  indices 
for  each  plan  were  computed  and  compared  with  the  requirement  of  RTOG0321  protocol  (VI 00  _90%  for 
target  coverage,  V75  _1  cc  for  bladder  and 

rectum,  and  VI 25  1  cc  for  urethra)  to  determine  the  acceptable  level  of  dose  escalation. 

Results:  Plans  without  boost  satisfied  all  RTOG0321  requirements  with  average  dose  coverage  of  92.1%  to 
target  (range  from  90.6  to  93.8%).  Four  (B,  C,  D,  and  J)  out  of  10  patients  prohibited  any  dose  escalation 
whereas  a  certain  level  of  boost  to  the  DILs  was  feasible  for  the  rest  of  patients,  minimum  dose  of  110%  for 
patient  E,  120%  for  patient  FI  and  I,  140%  for  patient  A  and  F,  and  150%  for  patient  G,  respectively.  The 
violation  of  RTOG0321  protocol  is  the  rectal  dose  for  9  patients  and  the  bladder  dose  for  patient  C.  The 
average  benefit  from  maximum  achievable  boost  for  6  patients  is  1.1%  increase  of  target  coverage  and  5% 
increase  of  V 1 20  dose  to  DILs  compared  with  a  plan  without  boost. 

Conclusions:  A  certain  level  of  dose  escalation  to  DILs  defined  by  MRI/MRSI  is  possible  for  some  patients 
using  class  solution  of  IPSA  under  RTOG0321  dosimetric  requirements  depending  on  rectal  and  bladder 
dose. 

The  work  was  supported  by  grant  from  the  Department  of  Defense  Prostate  Cancer  Research  Program 
(PCRP)-030909. 
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